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ML P I AR G . Shi 25T B T 4R I I S 1Y
G1/S 4 JE I AL, IFuEsSE HTiae S G1
| S WARFE A . BRI R T AR U R
200 SR DR B 4 25 SR A, EX A [ 3
R ) R T i A ) T R 1 2 S S O 4
B ¥ A BE AT o

AR5 R 2 R [R) 3R 85 KP4 A
R 7R T PR R A R B (R R %), T
U, A HBE 5 A P BE A% ik A AR TR R 9 00 i G 5
R 2 SIS N T AL A, 8 ad i A A
D ARG EE A3 AT 1 T S 56 2 2 e i Y s ¢4 i ) 40
A AR B 22 55 R S 4L e B R X L AR 52 35 A5
ZRRIRFEA KNS 5k, K540 E I
1) T3 it 356 DR - g AT L A A4 S B R A v A VR
ARG AT Bl T IR A B At 4/ NS B 45 200 ] 3 e 2 v
20, A A R T 5 | & AR

1 #MHERE

1.1 EMEREBERBTHES

AR I R 20 L 1 s L R A R
oNEl, NTHKERE 30, pH 8.0)28 0.22 um IR &
LA Z e ENS, 121 CElR K H 20 min, 71
K H G TEB S TAE G T 72 KRk B s A
EMER ., AN HTEREMEER, ZORERKR N
50, 50, 25 pg/mL. FCHISEMUG, 540 Mo 42
G D R IR AR E IR 20 C, SRR
J¥ 37 umol/(m®-s), YelEH A 14 h = 10 h (BRI
] 8:00~22:00, FEMEHS[E] 22:00~8:00 ),

Sy A 2R Vg T FR g A4 Ak A TR ) 40 i
B AH, P i 2 SR AL B () i ok v A0 B 2R AT 4
i JE T A AT s A R K F 1.5%10°~2.0
10° cells/mL i, JH 33 2 A %k 3 A W 01 = £
LR DEAT BEOGAL B, ELLR G SR 48 h, TEAL
gt B DR G RS A A i P 7 2 S R D R
AR
1.2 Wi 5EH

AR 418 A7 0 OE S i e 25 SR (R A 3%, 4l 3k B
ZR T D P B R R AR IR A (B 3 4)
B o e R R 58 R P 21 G 16 4 A 280
55 3 R IR A 9 EREGREE 20 pmol/(m*s)

EhHE 25, pH 8.5, IRE 25 C. N/P (NO’-N ¥
5 POI-P IR EEEE R L) 32; 45 16 ZHINRE 35 551F :
SRR 160 pmol/(m?-s). 5 30, pH 7.5, I
FE 25 C. N/P16. T 4F >k 38 [ AR g i 3
NO*-N e, #4Scu2h 1 F b NO® =N yfe Ji [#]
FEBEE N 60 pmol/L,

) 5 AL A B 58 R 55 2 RIFITHEH2 B2 L
B, 4 CF 5500 g B0 5 min, BRI AR
YR FEFE B C B HI A (P SE BG4 3 Ll ks
FEWh, RS E N 1.2x10°~1.3x10° cells/mL,
B J 467 2 v D P SRR AT T B AN R R PR A 1
ReFE 24 h IFHURE
1.2.1 ZHRAVTEIENEE  FHESN R 18:00 FRIRHL
FE, & 2 h BUEE 1 k. JH Lugol's MU E 2 1 mL
A M I AR T RO AE A S R T TR
HE 2K, BOFHAE,

122 HMREEEAEEE HE4K0 20:00 FA,
% 2 h BURE 1 9%, B 50 mL 3%, 5500 g, 4 C, &
L>5 min F22 F3F, A 1 mL PBS (Gibco™, USA)
FHEMM, ¥ 3 mL £-20 CHEHIKZBELE
AN, —20 CHEEDIHR . FEHE
4 °CF 5500 g .05 s HPBS PRk —Ik,
LR A B MA 1 mL DNA staining
solution (KR, H ), WiEdRY 5~10 s &
A, FEIRROEET 30 min, {6 Attune NxT Jiz(
40 9 (Thermo Fisher, USA )& il P 5% 56 2H 7k V67 I
FH i 200 e J) S st A

123 HFRAMFEFE  S00lBCEE 3 4R 16
I PE T (18:00), #4%J5 19:00,8:00,10:00,14:00
I 10 AR A BEANIRE S o Fe ) S I
553 HAURE e CL, €2, C3. C4. C5, %
16 LHRYFESR A3 T1, T2, T3, T4, T5. UK
EREIRT 4 CF 5500 g B0 5 min J5 EBRR 5
5, REwa, HEFRA T, F-80 CTH&A
&M, BAFEREE 3 IR,

1.3 RNA CTEMEFF

i F Invitrogen TRIzol 7] & #EHUE RNA,
A RNA i IR M S FR VK AT Agilent 2100
Bioanalyzer kil il 54% )5, #48 SCEFF AT
JERS 50
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14 FRBEELESHHE

WP 5e UG, ik R AR S ILEE, Bk
Wk . KE/NTF 50 bp. FAFHERAE Q20
PLN WY read, JE#EAT A REIE St S 16
Trinity 2.15.1 #5152 ) & 2 i )3 90 A7 Sk
PHEAS 3] Unigene 4£ .
15 EFEINEEER

Unigene & R D) i 7 B B FH 21 09 85008 0 46
NR (NCBI non-redundant protein sequences). GO
(gene ontology) . KEGG (Kyoto encyclopedia of genes
and genome). eggNOG (evolutionary genealogy of
genes: non-supervised orthologous groups). Swiss-
Prot Al Pfam,
1.6 ERRIESW

i FH &% S 20 3208 78 4R F RSEM TR R Jik
i FPKM {H (fragments per kilobase of transcript
per million mapped reads). Bfi)5>KH DESeq ffi i
ARGk B 2 S WA R, IR s 2% e AR AL
llog2foldchange|>1, M P<0.05. f#H topGO
#AT GO WA, i LA o3 A Tk P
WFEEERIPRIES P<0.05,
1.7 SWpERRAERAXNERREIERGFIE
R UG E

il 3k DESeq §ifi 6 9 552 4620 v 55 4 i S 40 30

MR RIL A 2R R ENENIE 10 4, K
cyclin Al-1 2 (CYCA, TRINITY DN37763 c0
gl) . G2/mitotic-specific cyclin-B 3 [A (CYCB,
TRINITY DN30072 c0 g2) . cyclin-U4-1 3
(CYCU, TRINITY DN17614 c0_gl). 2/ cyclin-
dependent kinase 1 (CDK1)Z£[K(TRINITY _ DN7569
¢3 gl. TRINITY DN56240 c0 gl). 4 > cyclin-
dependent kinase 2 (CDK2)JE(TRINITY _DN40606
¢0_gl .TRINITY DN478 ¢2 gl .TRINITY DN59034
c0 gl TRINITY DNI11316 _c0 gl)fil Cdc48 F&[H
(TRINITY DN12999 c0 g2).
AHEE T A Bl Th 5L FPKM BT &,
S ¢ 5 i R A g =C RV (quantitative real-
time polymerase chain reaction, qRT-PCR)#% AR if
I AR E S B RUR oA, R o s
SR A FR AR Rk, it qRT-PCR 3%
AR LA 10 ANEENAESS 3 4LHEE 16 41 Hy
TG HITRAE . HAREFSIEF Y] Primer
Premier 6.25 & it, LAZRAE 50 38 H I -3-WE IR
i & i (glyceraldehyde-3-phosphate dehydrogenase,
GAPDH)JE K NS N iy i IR AR v 2R R
F AR AR A R(FE 1) RNA FEESE UG
TSR, cDNA 5, LA cDNA MMM 48, A4~
FEAEE 3 AEE . A 27 ki S A

F1 FAREEEEENFRERFRERREEEN QRT-PCRBIESIMFIER
Tab.1 qRT-PCR validation primer sequences for differentially expressed genes of

Prorocentrum donghaiense with different proliferation rates

A gene unigene 1D J¥3{5 . sequence information BAIRE/C T,

F: AGATACTCGACCGCTACTGC

CYCA TRINITY_DN37763_c0_gl 60

- - - R: TGCGGACCTTGTTGAATTCC

F: AATTCTAGTGGACTGGTT

CcYCB TRINITY_DN30072_c0_g2 62
R: GATGTTGATTGTGAGGAA
F: TTCTATGACGACACCTACTA

CYCcu TRINITY_DN17614_c0_gl R: CTTGTICAGGTCCTTCAC 60
F: ACCATCTTCAGGATCATG

CDK1 TRINITY DN7569 ¢3 gl 60
R: GTAATTGGGGCTCCAGAG
F: GTCACAGGAAGGAGGGTA

CDK1 TRINITY_DN56240_c0_gl 60
R: TGGAGTCCGTTGATAAGGT
F: CCTCAAGATCTGCGATTTC

CDK2 TRINITY_DN40606_c0_gl 60

- -8 R: TGTGGGGTGTAGGTGATG

F: ATCCATCGTGACCTCAAG

CDK2 TRINITY DN478 c2 gl 62

R: GAGTCCGAAATCGCAGAT

(f¥2% to be continued)
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(8231 Tab. 1 continued)
FEH gene unigene ID 7415 B, sequence information EKEE/C T,
F: GCGAGTGTCCTCCAGTAT
CDK2 TRINITY DN59034 c0 gl 60
- -8 R: GCGATGGATGATGTTACGA
F: GCTCGCCTCATTATTCAT
CDK2 TRINITY DN11316_c0 gl 60
R: GAAGTCGCAGATCTTGAG
F: AAGAGGTGGAGAAGAATGC
Cdc48 TRINITY_DN12999 c0 g2 60
- - = R: TGGTCTTGTCACACTTGG
GADPH _ F: GTGTTCCTYACCGACGAGAAGATC 60

R: CGCARTTCATGTCAGTCTTGTAGG

PRIk A, AC=HArEEH C {H-GAPDH £: 4
C -
1.8 HEHH

WTHARR /N, i IBM SPSS Statistics
29.0.2.0 A HHES BUR 55 /7 72 (Mann-Whitney U
test) X Ei i b 17 22 5 W EME T, I R IBF
4.2.2 #frREl

HRE5

21 ARREEUHTHRBERE 24 h RARE
BT

PR 1 AT, S A AR I O TR B
WY TG B2 F(P>0.05), B2 24 hJF, 4 16
LA 40 L 35 AT 00 0 9 B S0 (P<0.01),
SR EE N 59.32%; &5 3 20 IO AN A A T
BN (P<0.05), MEIMIEEE A 17.02%; IKiT
W3 2L 0 85 1 9% 5 W 3 (P<0.05)., 5 g R ol, 46
16 AN FEEAE 2:00~10:00 S B FTFia %,

2

m %534 group 3
SERR R B R B

N
W

10:00 H: 200 it % B2 35 BN W, 500 4 %% 5 AH L1
K 73.60%.
22 AREEHEEENREEREE 24 h N4 EH

A 2 T, 3 e 3 2 B A B AR U R
WAMFE LS, SEMEL M R, FEEAW
SLHG LRGSR IS, A MR IR AR 100%4E T 7E G
Wio FEREIS Y 24 hopN, R ZE A0 M A 40 A JE D R
FETEZESE . WISl S AR AN &7 Lh 258 BTG
TR, & 4:00 BAREE, RNFEE, 5
16 ZH7E 24:00 A 0.94%MW4NAEHEA S 1, HEE 3
AIANHEARERT 2 h; 25 3 417F 10:00 S A4 41 i J& 3
di LRSS 0, TH5E 16 417E 14:00 7 LLFE R 0, Sk
KA, H 16 4 S WIRHK LA 3 442 6 h,

AN, PISCEAH G AN G2/M 4R o s
EREAA BT A F (8 2), BEE AR S ], 2
16 20 G1 W2 o5 LU AR 3 2042007 2 h FFER T
B, 2 4:00 PIRBRANEG G1 WI400 & Ho T ih
b SR, 5 3 4HAE 6:00 & 8:00 b FHIEE KT

#1641 groupl6
SERRH B
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BURER[E] time
ARIRIFRSE 51T 7R i L 3 24 h 4RI 8 A8 4k

Changes of cell density of Prorocentrum donghaiense during 24 h under different environmental conditions
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Fig. 2 The proportion of Prorocentrum donghaiense cells with different proliferation rates in different cell cycle phases during 24 h
a: Group 3; b: Group 16.

%516 4, H 8:00 %5 3 4H G1 140 5 1(92.83%)
BEBTHE 16 4(86.62%)(P<0.01), %5 16 471F
8:00~10:00 G1 M4 A A bk 3 = (P<0.01), B
JE BT HES 2 K 20:00 (5 A 100%, PIsE
K2l 5 4:00 A A EIEA G2/M #], G2/M
WAL 5 HEAE 8:00 A EIUE(E, HULETE 16 40
G2/M 140 H 7 P & 156 3 41(P<0.05). %5 16
HANLTE 14:00 2 20:00 i JL-F- 258 A G131,
A 3 ZHANME M 14:00 TR B FREE WA it
1.3% M A Mu kb 7E G2/M 11,
23 NFEHERER

PISCIRZH Y 10 AR Ze i B HLIT 5 2B i
JEURTE P (raw reads), ZadE . B | PHE 1S3
T 362814 MiEspAR, BB 378800006 bp, V-3
K 1044.06 bp, N50 iy 1444 bp, GC &5 64.26%.
JF153) 149219 4 unigene, S K 155893105 bp,
K 1044.73 bp, N50 & 1501 bp, GC & i
64.07% (% 2). My 52850556 R 8L ER Y
Brg2iok . JRinEdE %% NCBI £l &, J75
B SRES A PRINA1125908
24 HWEAPHEXEAERILA

298 e S0 S0 4 R P R T DA 40 4 R S 45
B AH A B S8 B, 33X R 1A A 4 R 0 R
(cyclin) . 2 L JE1 3 2 AR PR B3 (cy clin-dependent
kinases, CDK). 4y 424 5 i 25 H (cell division
cycle protein, Cdc). #f Jfd J&] ) £ 11 A0 4 S 41
#I - (CDK inhibitor, CKI)Z12

®2 AEEEEENRERPRMER
ME R RARER gt
Tab.2 Statistical analysis of transcriptome

results of Prorocentrum donghaiense with
different proliferation rates

Wi H &A% name AR transcript  FRIE[H unigene

751 B K /bp total length 378800006 155893105
51 B8 total number 362814 149219
KT HIK B /bp 35528 35528
maximum length

S35 FEBI K E /bp 1044.06 1044.73
mean length

N50/bp 1444 1501
L50 82354 32936
N90/bp 473 452
L90 263068 106718
GC Ltf1/% GC ratio 64.26 64.07

T 2 TR J5 R g v A B 3] 22 ol 4 M T 300 A G 7R
AL, f4E 49 4 cyclin £ 74 4~ CDK £ |
26 1> CDC #:[H | 11 4> PCNA K (3 3), 4ififg &
R AR ISR 11 25, Hrf CYCU F1 CYCB %1
w2, srulERBE 16 A~F1 12 4 unigene., 4
JEIA R PRI M B L I 2o 16 2%, Horp
Cdc2 J& F CDK1 fy—#h!"l, fEfiT4 CDK %[,
Cdc2 ¥ 2, L BEE] 16 /) unigene, il 4>
HE LRI 8 2%, Hih Cdcd8 e it
%, L BEF] 15 4 unigene, 5 4 R B 5
R AL B3 2 25, PCNA R PCNA2, 4357 B3 10
ANF1 1A unigene.,  HH T IR IEAE D) A0 E S B S R
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Tab.3 Summary of the annotated cell cycle protein genes

in Prorocentrum donghaiense

R

annotation

B BE A
HiE
unigene
number

YA EIE A cyclin

YHHEJRINE H A cyclin A

G2/M Wi E e E & e B
G2/mitotic-specific cyclin-B

Yii iR EAEE A D cyclin D

YA H eyelin H

YA A Leyelin L

MAEFIBE A P cyclin P

HEFABE M Q cyclin Q

YA 1 U cyclin U

YA IEE Y cyclin Y

YA A 1 cyclin 1

YHi i E AR 1 pehl cyclin pehl

211 A 2R RO P 3 cyclin-dependent kinases
11 JRV 40 2 1 A 9 1 cyclin-dependent kinase 1
A ZLEI L 2 cell division cycle protein 2
200 ML S0 R P AR 2 R R 1
cyclin-dependent kinase-like 1

20 B 53U 2 A MRS P 88 8 2 cyclin-dependent kinase 2
2t i JR I B AR R R T 2

cyclin-dependent kinase-like 2

11 i JRV 41 2R AR 9l 3 cyclin-dependent kinase 3
A1 JRV 12, A A 98l S cyclin-dependent kinase 5
290 ML SR R P AR M B R S

cyclin-dependent kinase-like 5

20 BRI 2R A MRS P 8 10 cyclin-dependent kinase 10
A1 JRV 40 2R A 98 20 cyclin-dependent kinase 20
Y06 S 2R PR 14 B4l A cyclin-dependent kinase A
A1 i JRV 1 2R AR 7 B cyclin-dependent kinase B
A1 i JRV 41 2R AR 9 C cyclin-dependent kinase C
A0 JRV 912 1A A 38 D cyclin-dependent kinase D
A1 RV 12 A A 38Rl F cyclin-dependent kinase F
A0 i JRI 1 2 AR 98 G cyclin-dependent kinase G
M52 A cell division cycle protein
52N [ 15 cell division cycle protein 15

A 52 [ 18 cell division cycle protein 18

A i 5 2R 1 27 cell division cycle protein 27
A 2L E 1 31 cell division cycle protein 31
A ZLTEIHEE 1 45 cell division cycle protein 45
NS ZLTEI R 1 48 cell division cycle protein 48

A 52 FEE H 73 cell division cycle protein 73
A4S FEBE H 123 cell division cycle protein 123
HA%E A A% PUR proliferating cell nuclear antigen
ATE AN A% PR 1 proliferating cell nuclear antigen 1
HETH A MIA% LR 2 proliferating cell nuclear antigen 2

12

—_— RN = =

16

14
16

=)}

N 00 N — N — W o~

— NN = N

15

10

F L I8 75 S AR5, ARWF I s S dl R 1
BRI gt CKI JE A
25 ERREERHESIT

HRPEEE 3 L ANEE 16 4140 M0 S5 3 A AR A 22 57
YIS IE] S, PR LR S g 4R S 8:00 (C3 .
T3). 10:00 (C4. T4)F1 14:00 (C5. T5)KHH L
N, Giih2e R A S R 22 R R A R Y
GO FHIrIEGE 4 FA 3),

x4 AEIEEEENREGERPRMAR
ERRKERSTHES T
Tab. 4 Statistical analysis of gene expression differences

in Prorocentrum donghaiense cells with
different proliferation rates

MR AbPE L}Hg ?ﬁg iﬁﬂéﬂj
control  treatment Bl Bt Ealake
up number down number DEG number
C3 T3 928 1687 2615
C4 T4 947 1736 2683
Cs T5 395 529 924

Wit GO & HE4Hr, T3 5 C3 M & 4R &
KEHEEE T EN GO 3K ATP
PE . R AR A E LR, KR OB
REY . BoTadE. R AR, T4 5
C4 M B K A 5N B RT3 Ff
GO BRI AGIARMED S S B G
VoG . MBS AR A, HRCh T A
MIE4E. BT REY. BarTeadE; 15 5 C5
ARG, bR 3 D g 5 R R S RO AR A T AT R
BRI BH T R, WA R B R
YT 3 Fl GO J3 KUK Sy o 30 A i 5 S 2 21
MAE RN, EARE AR ERE, KRGS
MR 20 iz 3l . 4 6 sUHE B O Y 20 iz 3
i 22 2 e
26 @A RAEEARENRIEZEREIE

TEVERRNA 49 /> J A 40 B A 301 26 1 i L
th, PRSCERA 2= Rk A 3 4, R CYCA,
CYCB Hil CYCU, L%t 5 PCR ik 45 %
B, %5 16 Z0h CYCA #/ CYCB FHXS ik i 7 452
JE R BRTHR R S, 84 3 drf CYCA
X &3k i 7E e HE e B e TR B LT R R
CYCB X} # ik 5% 16 H—HAEKEGEMN
“SeTtE R A 4a, Kl 4b), 55 3 41 CYCA
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YMSE B A 4 B3 3] cilium movement involved in cell motility F & T3 vs. €3
ATPHEHE M ATPase activity (@
TS 48 microtubule cytoskeleton [@
14 142 microtubule-based process - @
{84k 55 A4 catalytic complex [@ $fk number
RE UM ZREYE polymeric cytoskeletal fiber - @ . 10
2S5 cell projection | @ ® 20
#4r T4+ 4k supramolecular fiber [ @ ® 30
§‘ . e #53- T3 A& Y supramolecular polymer i ° ®1
2 TR R4 plasma membrane bounded cell projection @
E o % microtubule ® HAR BT fdr
& 41 L BT 20 i 43 932 31 movement of cell or subcellular component @ 100
) YR EHELH L cell projection organization ° :
’ & 528 AY) microtubule associated complex | ° 0.75
B 4 cilium ° P 050
%% 12 31 microtubule-based movement ° 025
B35 motor activity - ° )
B EEE motile cilium ° 0
1% 12 5% M microtubule motor activity - °
ZERMEEREEY dynein complex | | . °
0.05 0.10 0.15 0.20
B4 KT enrichment factor
B4R cytoskeleton | e b T4vs. C4
LR AR 4% 52 &4 mitochondrial respiratory chain complex IV |
1EALSE 1A catalytic complex | o
#FF cilium | o
AP ZE AL cell projection organization |- e -
% 40 B 48 microtubule cytoskeleton | e $iht number
A T-4 4k supramolecular fiber |- o o 50
§ - TEB-4EY) supramolecular polymer | o o100
< A A EE A %) microtubule associated complex [ o o
S T 40 AR 43932 3l movement of cell or subcellular component | o 150
o BELE motile cilium | . R g R
¥E) BREHM BSR4 4 polymeric :@gtﬁgskeletal fiber | o 1.00
%% microtubule - o
BHIFRRIE PSS organic cyclic compound binding (@ 0.75
LA W454 heterocyclic compound binding (@ 0.50
& 1¢ microtubule-based process | o 0.25
145 iZ 3 microtubule-based movement | o 0
AT EJ%@E’ @ﬁ motor activity - e
IR &%) dynein complex | o
& i3 3h7% 3l microtubule motor activity - .
0.1 02 03 04
H4FF enrichment factor
T5 vs. C5
3-FAAL-2-F THRR L T4 EE A3-methyl-2-oxobutanoate hydroxymethyltransferasea |-
N _Bt4ifas R A2 malonyl-CoA catabolic process |
BB A0 B L K83 regulation of skeletal muscle cell differentiation -
g LET 4k b I E 5 regulation of skeletal muscle fiber differentiation -
BB LA 4434k, skeletal muscle fiber differentiation - #& number
TE A% M F positive regulation of nitrogen utilization |-
1
B L4044k skeletal muscle cell differentiation - ° 2
FRNEH R A2 404 plasma membrane bounded cell projection organization ®3
Bt UhE 2 malonyl-CoA metabolic process - pat
g ] WA detection of visible light | ®5
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Fig. 5 Transcriptional profile of the differentially expressed genes encoding cyclin-dependent kinases
in Prorocentrum donghaiense cells with different proliferation rates
a. CDK1 (TRINITY DN7569 c3 gl); b. CDK1 (TRINITY DN56240 c0 gl); c. CDK2 (TRINITY DN40606 c0 gl);
d. CDK2 (TRINITY DN478 c2 gl); e. CDK2 (TRINITY DN11316 c0 gl); f. CDK2 (TRINITY DN59034 c0 gl).
* indicates significant difference (P<0.05).

° *
5 0.0005 [ 534 group 3
8 00004 | 01641 group 16 -
A -
8 0.0003 |
o
B
S 0.0002
5
) 0.0001 |
"
=y
z 0
18:00 08:00 10:00 14:00
fisf[A] time

P 6 AN [v 9% 78 o B2 1) 7 e Dt P o 240 M 2 22 01 2 P
CdcA8 22 5 ik N A
*FoR 25 L (P<0.05).
Fig. 6 Transcriptional profile of the differentially expressed
genes encoding cell division cycle protein Cdc48
in Prorocentrum donghaiense cells with different
proliferation rates
* indicates significant difference (P<0.05).

AR 200 ST IR AR I A2 B, A 8:00 ZREF i
FE G2/M A 5 L fems, 454 20 i % A

10:00 35 F1] s {7 4 W0 32 356 41 il 53 24 = 22 7E 8:00, UL
IR A T G2/M 1T, SR, S5 e e ) 52
I (55 16 ZH)1F 8:00 G2/M M4t 5 B &= T
TG R R B S ZHL (5 3 )56 16 41 7E 10:00
G2/M B4 5 LT R R G 1A AR AR & L T
W R K FAE 3 41, HLAS 3 414F 8:00 G1 4
di LR IR B, RAM S 2H i G2/M 13 G113
o PER R R 2 R WA, S 16 A4 MTE
14:00~20:00 4HfEJL-TF-2#BiE A G1 B; Mizh 3 41
YU 14:00 FF b5 B FRE5 R A BT 1.3% 140
JIAbFE G2/M #, 3 3 BH LS P S B0 4 1E A G 13,
e 3 dlA & i pHAE G2/M ], 1&A 5E Rk
2R G . BEAh, 26 16 AELEE 3 44N
Ma4RRT 2 h itk A S, H SHIRHK LA 340 £ 6 h,
1EZE 26 pi P S sk S P B S b, SRDEIE S 16
TR SLYR A, RGP BN S Il Kk 14 h,
A R —8 I, 2 3 41 S itk



559 4]

A ES S5 AN [v) 16 B 3k 2 P9 A T D P S5 4 P 300 B e S A L o0 1125

WA, SRS A G2/M B dnis b, 4k
FITiR, W2 A s pE R R ) 25 S 55 3 41 S iR
kM G2/M W BH# A G o
3.2 4@ JE HAHE 5 B E Xt 40 B B B A A 4

AR 28 LS SO A LRI, 5 16 ZHANEE 3
ZH7E 8:00. 10:00 F1 14:00 3X 3 /N A] 55 40 g & 19
APAHZE S . R, XX 3 ANAshfa) i SE g 4
[R5 Sl HL A o T R B, 22 S R SE N SRR
Rk H B ER I EN GO A3 5 HUE Mg
BA K, WA AN E AR A AR S, S
MY s . A0S B K g iR A e . Y tadfk
IS 2 WA R UG, M RRR S E
L AE A0 R B 0 A ke 3 R A O,
R I HIFI S RNAL BRI AR #
TR FE s TV DR AL ) 200 L) A0 BEL 9T DA 52 il 4 53
ZA0RO2T e, — B R A nE Y cyclin
FAE Cde HE I EHES 59000 5 B E R ny# 61,
W43 Cde 85 [ AT L O sh A s 112,
I, AR G B A AR AR A [R) AT 5 R S 4 2
AR I 25 57

2 o S 0 2 1 00 ] A0 2 P AR P R
2 B 3 24 ) B AR A P R ] 0 4 A i ]
G1/S WRY#E7E & G2/M IRy #E 75021 CDK E H
S R0 AR E B, A& Z MRSy,
fU 4% PSTAIRE . PCTAIRE , PSTALRE %, Hi#
TE A R ) AR R s 258 4R 12T, CDKL 5
CYCB #t[i 25 G2 W3] M 1% 48 i 371228
AHFFEH, CDK1 K TRINITY DN56240 c0 gl
eSS 16 A h Rk fae, HILHX RXEAEMG
) 3 ASEFELSE YR 3 AR ERTE 16 4
(P<0.05), #R1fii, CDK1 #£[H TRINITY DN7569
c3_gl 7855 16 WIS H/5FE”, HAE 10:00 HAH
N FRRE R EE TS 3 4], 5 CYCB EHpEIL
B —B, T 3 4l A7 G2/M
W, MANERHA e G2 MR, RE RS EN CDK
TR ERFE G2-specific & A (154 5K, 41 CYCA
T CYCB %5, 13 FRBEIE L 4k ZE AT 43 2420 I 1t
CDK1 %A TRINITY DN56240 c0 gl A1 TRINITY
DN7569_c3_g1 7r 4 g BH ¥ 75 G2/M It 1 & 45 3
AE, TSN G2 I MBI 3% AR B AL 7S

JaH KEER .

CYCA 5 CDK2 BB 2 A IF 7 S
WA G2 IR s PO, AR IR 2 K I, CDK2
HHATE G2/M MRk g 5k, MAE Gl J5HA1 S 1)
Feik i B A, CYCU TE 40 E I T i G1/S
W R EMER, CYCU/CDKA &4 e 1E i
DNA &P 45 3 4 4 S 145 5K T 10:00, T
BEETES 16 A 2.31%R9 s 4 AL T S 31 H I,
10:00 CYCA JE[H . CYCU FE[XF1 4 -4 CDK2
B0 B R A T i St 4R 55 16 40 I 3575 T4 3
H, e S Wpy R rhi 2] T EEAEH .

Cdc48 el DI B SRk R 2205 e B v
15321, J& AAA (ATPase associated with various
cellular activities)# M 2 —P, Cdcas 25
DNA B9 il FME 5, X 5 R 21 A e 14 R0 4 Jfd 3%
FXBEED Zhang P VERERPEHYEE T
Cdc48 #5111, HAE S Wskikit i, 5 DNA & fil%
PIAISE 5 16 41 Cded8 LR E A EAE 10:00 3%
BT 3 4, A5 16 AN S WA 3 K,

T

IN

&g

AT 58 ) FH O 320 M ASCRIF 52 T AN [ 384 7 3ok
F14) R 16 T P 350 200 6 R0 B P B 2 A AR e B ek
JEAE RSl S IR B, H A s
BHAETE G2/M ). 54 4o JR1 30 it A o A, i o
BRI FE LA M, gRT-PCR HARKIEAI T 1 4
CYCB #i1 2 |~ CDK1 K 5 145 Z: 1 )it HH 3% G2/M
WIRH A A &, 1 4~ CYCA, 14~ CYCU, 4 > CDK2
FI 1A~ Cded8 5L [F 5 e 4 L) S BHE R IR 45 A G
ABFFAT 10 A58 i 7 sk BOR S i 22 57
FEH A B T QRT-PCR B64iF, oAt 5 40 il J&
B4 G B JE AT 5 2 it — 20 B UE e sk B O A 7
JE B YIRE 3T

SE Xk

[1] Lu S H, Ou L J, Dai X F, et al. An overview of
Prorocentrum donghaiense blooms in China: Species identi-
fication, occurrences, ecological consequences, and factors
regulating prevalence[J]. Harmful Algae, 2022, 114: 102207.

[2] Zhao P Z, Ouyang L L, Shen A L, et al. The cell cycle of
phytoplankton: A review[J]. Journal of the World Aquacul-



1126

Hh K R

%31 %

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

ture Society, 2022, 53(4): 799-815.

Vitovd M, BiSova K, Hlavova M, et al. Chlamydomonas
reinhardtii: Duration of its cell cycle and phases at growth
rates affected by temperature[J]. Planta, 2011, 234(3): 599-
608.

Cepak V, Ptibyl P, Vitova M, et al. The nucleocytosolic and
chloroplast cycle in the green chlorococcal alga Scenedesmus
obliquus (Chlorophyceae, Chlorococcales) grown under vari-
ous temperatures[J]. Phycologia, 2007, 46(3): 263-269.

Liu Q, Zhang X F, Li T W, et al. Effect of light on growth
rate, chlorophy Il level and cell cycle in four alga species[J].
Journal of Dalian Fisheries University, 2006, 21(1): 24-30.
XIF5, skeSs, 2Rk, 55 DGR 4 Fh i ek K |
2k 3% ik X 4 MR B S R (0], R KT A B A AR
2006, 21(1): 24-30.]

Chen D D, Wang P, Gao Y H, et al. Fitting relationships of
silicaon uptake and silicification with cell cycle in Thala-
ssionsira pseudonana[J]. Progress in Natural Science, 2009,
1909): 931-935. [BESHFE, EME, ErgE, &5 (B 4E
BRI W R R AR S 4R S R A SR BT, A
SRR R, 2009, 19(9): 931-935.]

Shi X G, Ma M L, Lin S J. Cell cycle-dependent expression
dynamics of G1/S specific cyclin, cellulose synthase and
cellulase in the dinoflagellate Prorocentrum donghaiense(J].
Frontiers in Microbiology, 2017, 8: 1118.

Wang D Z, Zhang Y J, Zhang S F, et al. Quantitative pro-
teomic analysis of cell cycle of the dinoflagellate Prorocen-
trum donghaiense (Dinophyceae)[J]. PLoS One, 2013, 8(5):
€63659.

Zhang Y J. Quantitative proteomic study of cell cycle regu-
lation in Marine dinoflagellates: A case study of Prorocen-
trum donghaiense[D]. Xiamen: Xiamen University, 2013.
(BKIEIT. T R 2 A A S DRI 10 2 ek B B AL O -
DRI A BID]. 1T BT, 2013.]

Lin L. Studies on species-specific and physiological biomar-
kers of key harmful algal bloom species from the coast of
China Sea[D]. Xiamen: Xiamen University, 2007. [#kH#f.
I 30 ¥ SR RV A ) e ) B 2B B 7R AR AR R A 5 D).
LI TR, 2007.]

Shi X G, Lin X, Li L, et al. Transcriptomic and
microRNAomic profiling reveals multi-faceted mechanisms
to cope with phosphate stress in a dinoflagellate[J]. The
International Society for Microbial Ecology Journal, 2017,
11(10): 2209-2218.

Zhang S F, Yuan C J, Chen Y, et al. Quantitative proteomics

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

provides insight into the response of the marine dino-
flagellate Prorocentrum donghaiense to changes in ambient
phosphorus[J]. Journal of Oceanology and Limnology, 2022,
40(2): 563-576.

Li M Z. Effects of phosphorus deficiency and adenosine
5’-triphosphate (ATP) on growth and cell cycle of Prorocen-
trum donghaiense and Amphidinium carterae (Dinoflagel-
late)[D]. Xiamen: Xiamen University, 2017. [2535 1. iR
AN = BRRR R (ATP)X AR I Y e A i e A R 5
AN R D). s JETIRAE, 2017

da Silva Santos P H, Manechini J R V, Brito M S, et al.
Selection and validation of reference genes by RT-qPCR
under photoperiodic induction of flowering in sugarcane
(Saccharum spp.)[J]. Scientific Reports, 2021, 11: Article
No.4589.

Nigg E A. Cyclin-dependent protein kinases: Key regulators
of the eukaryotic cell cycle[J]. BioEssays, 1995, 17(6):
471-480.

Chen L, Fan D M, Tang J W, et al. Discovery of isopenicin
A, a meroterpenoid as a novel inhibitor of tubulin poly-
merization[J]. Biochemical and Biophysical Research Com-
munications, 2020, 525(2): 303-307.

Kume K, Nishikawa K, Furuyama R, et al. The fission yeast
NDR kinase Orb6 and its signalling pathway MOR regulate
cytoplasmic microtubule organization during the cell cycle[J].
Open Biology, 2024, 14(3): 230440.

Lucas J R. Appearance of microtubules at the cytokinesis to
interphase transition in Arabidopsis thaliana[J]. Cytoske-
leton, 2021, 78(7): 361-371.

Lin Y, Wei Y L, She Z Y. Kinesin-8 motors: Regulation of
microtubule dynamics and chromosome movements[J]. Chr-
omosoma, 2020, 129(2): 99-110.

Wong J T'Y, Kwok A C M. Proliferation of dinoflagellates:
Blooming or bleaching[J]. BioEssays, 2005, 27(7): 730-740.
Ng CKF,Lam C M C, Yeung P K K, et al. Flow cytometric
analysis of nocodazole-induced cell-cycle arrest in the pen-
nate diatom Phaeodactylum tricornutum Bohlin[J]. Journal
of Applied Phycology, 1998, 10(6): 569-572.

Farnham G, Strittmatter M, Coelho S, et al. Gene silencing in
Fucus embryos: Developmental consequences of RNAi-
mediated cytoskeletal disruption[J]. Journal of Phycology,
2013, 49(5): 819-829.

Cuschieri L, Nguyen T, Vogel J. Control at the cell center:
The role of spindle poles in cytoskeletal organization and

cell cycle regulation[J]. Cell Cycle, 2007, 6(22): 2788-2794.



559 4]

A ES S5 AN [v) 16 B 3k 2 P9 A T D P S5 4 P 300 B e S A L o0

1127

[24]

[25]

[26]

(27]

(28]

Lee K J, Zhou Q, Li Z Y. CRK2 controls cytoskeleton
morphogenesis in Trypanosoma brucei by phosphorylating
B-tubulin to regulate microtubule dynamics[J]. PLoS Patho-
gens, 2023, 19(3): e1011270.

Kalous J, Jansova D, Sudor A. Role of cyclin-dependent
kinase 1 in translational regulation in the M-phase[J]. Cells,
2020, 9(7): 1568.

Gorman L M, Wilkinson S P, Kitchen S A, et al. Phylo-
genetic analysis of cell-cycle regulatory proteins within the
Symbiodiniaceae[J]. Scientific Reports, 2020, 10(1): Article
No.20473.

Oldenhof H, Bisova K, van den Ende H, et al. Effect of red
and blue light on the timing of cyclin-dependent kinase acti-
vity and the timing of cell division in Chlamydomonas rein-
hardtii[J]. Plant Physiology and Biochemistry, 2004, 42(4):
341-348.

Ohba S, Tang Y J, Johannessen T C A, et al. PKM2 interacts
with the Cdk1-CyclinB complex to facilitate cell cycle prog-

[29]

[30]

(31]

(32]

(33]

ression in gliomas[J]. Frontiers in Oncology, 2022, 12: 844861.
Alvarez-Fernandez M, Medema R H, Lindqvist A. Transcri-
ptional regulation underlying recovery from a DNA damage-
induced arrest[J]. Transcription, 2010, 1(1): 32-35.

Pagano M, Pepperkok R, Verde F, et al. Cyclin A is required
at two points in the human cell cycle[J]. The EMBO Journal,
1992, 11(3): 961-971.

Zhang H, Liu J L, He Y B, et al. Quantitative proteomics
reveals the key molecular events occurring at different cell
cycle phases of the in situ blooming dinoflagellate cells[J].
Science of the Total Environment, 2019, 676: 62-71.

LiJ M, Nam K H. Regulation of brassinosteroid signaling by
a GSK3/SHAGGY-like kinase[J]. Science, 2002, 295(5558):
1299-1301.

Bégue H, Jeandroz S, Blanchard C, et al. Structure and
functions of the chaperone-like p97/CDC48 in plants[J].
Biochimica et Biophysica Acta General Subjects, 2017,
1861(1): 3053-3060.



1128 Hh K R #5318

Comparative analysis of the cell cycle progression and transcriptome
of Prorocentrum donghaiense with different proliferation rates
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Abstract: Prorocentrum donghaiense is one of the main red tide organisms in China’s coastal waters. It is
characterized by frequent outbreaks, a large area of influence, and serious harm. The cell cycle is an important
biological process that regulates cell division. It can be affected by environmental factors, resulting in changes in
the growth rate of phytoplankton. Therefore, it is valuable to investigate the differences in the cell cycle
progression of P. donghaiense with different proliferation rates to help understanding its proliferation
characteristics. The cell cycle pattern of P. donghaiense has been preliminary explored. Genes and proteins related
to the cell cycle have been isolated and identified using omics approaches. However, there is a lack of research on
the characteristics of the cell cycle with different proliferation rates, as well as the molecular mechanism. Our
previous studies demonstrated that the growth rate of P. donghaiense varies under different environmental
conditions. To compare the cell cycle progression of P. donghaiense with different proliferation rates and
understand its molecular mechanism, we selected two experimental groups with slower (group 3) and faster (group
16) proliferation rates, and analyzed them using flow cytometry and RNA sequencing technology. The results
showed that group 3 cells had a shorter S phase and were partially blocked in G2/M phase. A total of 149219
unigenes were obtained, of which 6081 were annotated in the NR, GO, KEGG, eggNOG, Swiss-Prot, and Pfam
databases. A total of 114358 unigenes were classified into three terms, namely, cellular components, molecular
functions, and bioprocesses, with 57 categories in the GO database. The 30554 unigenes annotated in the eggNOG
database were classified into 25 categories. GO classification and pathway enrichment results of differentially
expressed genes (DEGs) between the two experimental groups showed that the most important DEGs were related
to microtubules and the cytoskeleton. We hypothesized that the differences in cell cycle progression between the
two experimental groups were caused by differences in the dynamic changes of microtubules. Among the
annotated unigenes, 49 encoding cyclins, 74 encoding cyclin-dependent kinases (CDKs), and 26 encoding cell
division cycle (CDC) proteins were related to cell cycle control. Ten of these comprising one CYCA, one CYCB,
one CYCU, one CDK1, four CDK2, and one Cdc48 genes were DEGs. The cyclinA-CDK2 and CDK1-cyclinB
complexes participate in the cellular G2/M phase transition. Cells need to retain sufficient levels of CDK activity
to maintain the transcription of G2-specific genes and retain their competence to recover from G2 arrest. Since
cells in group 3 were partially arrested in G2/M, the transcriptional levels of CDKs, cylinA, and cyclinB were
higher in group 3 than in group 16. As Cdc48 is involved in cellular DNA replication, the transcription level of
Cdc48 was significantly higher in group 16 than in group 3, which explained why the S phase duration was longer
in group 16 than in group 3. In summary, the S phase duration and whether the G2/M phase transition is blocked
may decide the rate of P. donghaiense cell proliferation, and one CYCA, one CYCB, one CYCU, two CDK1, four
CDK2, and one Cdc48 genes identified from the transcriptome analysis played important roles in cell cycle
regulation.

Key words: Prorocentrum donghaiense; proliferation rate; cell cycle phase; transcriptome; differentially expressed
genes; red tide
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