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coxidase 1, 1) GenBank 24 ( 9 )
, GenBank 24 ( cox 1 ,
: ) Clustal X ver. 2.0.12!"*!
(HKY385 , BioEdit
GTR+I+T)!), ,
Plasmodium fal-
1 ciparum , SSU rDNA(1 674 bp,
) cox 1(390 bp, )
1.1 Phyml ver. 3.0t
4 (b, , HKY85 ML(maximum like-
(Prorocentrum lima) , lihood) , 1000 (bootstrap)
(Amphidinium cartera) Tree-Puzzle ver. 5.2 Gamma a
(Prorocentrum micans) Gamma 8,
(Symbiodinium microadriaticum) (Invariable + Gamma rate), GTR
ML )
, (20£1)C, Phylip ver. 3.69!"*, Kimura 2-parameter
4 000 1x, / 12h: 12h , NI, 1 000 ,
Guillard ™ f/2 , 23 SSU rDNA+ cox 1 (2 064 bp)
Phyml ver. 3.0
1.2 DNA PCR Tree-Puzzle ver. 5.2 ML phylip ver.
, CTAB 3.69 NJ(Neighbor Joining) ,
o1 DNA [10] Mrbayes ver.
4 SSU rDNA , 3.1.20, GTR+I+TU
AACCTGGTTGATCCTGCCAGT, GA SSUrDNA cox1  SSUrDNA+ cox 1
TCCTTCTGCAGGTTCACCTAC :95°C - (Markov
5 min; ,94°C 45s 59C 455 Chain Monte Carlo, MCMC) ,
72°C 1.5 min, 35 ; 72°C 10 min 100 000 , 100 1
Lin [ : cox 1 , 250
, AAAAATTGTAATCATAAACGCT
TAGG, TGTTGAGCCACCTATAGTAA
ACATTA 1 95C 5 min; , 28
,94°C 45s 47°C 45s 72°C 1.5 min, 30 14 SSU rDNA cox
; 72°C 10 min PCR 1 SSU rDNA+ cox 1 Tree-Puzzle ver.
i 5.2 ML GTR )
Gamma , Gamma 8
1.3 Phyml ver. 3.0, HKY85 , 1 000
4 SSU rDNA  cox 1 R ML , Tree-
, BLAST , Puzzle ver. 5.2 ML
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*1 AMEATHUITHREMEREXER
Tab. 1 Dinoflagellate species included in the phylogenetic analyses of this study

accession number

species habitat toxin  strain or source SSU rDNA cox 1
Prorocentrum lima DSP CCMP2579 IN717143 IN717140
Prorocentrum micans None IN717145 IN717144
Amphidinium carterae CFP IN717139 IN717138
Symbiodinium microadriaticum None JN717147 JN717146
, 1sKH SH Karenia  Dinophysis acuminata
ELW 2sKH 4 , Pfiesteria  Symbiodinium
) cox 1
( 1 B) SSUrDNA ,
2.1 Amphidinium ; Alexandrium
BLAST 5 1 Karenia Pfiesteria
4 SSUrDNA  GenBank ,
) 99% cox 1 , SSU rDNA+ cox 1 (1
C) cox1 . Amphidinium
GenBank ; Alexandrium ; Karenia
98% 97% 97% 94% 8 ;
GenBank, 1 ,3
Clustal X ver. 2.0.12 28 28
Plasmodium falciparum  SSU rDNA(1 674 bp) ,
cox 1(390 bp) ; ,
(benthic Prorocentrum) ,
1%; (planktonic , Symbiodinium
Prorocentrum) 99% , Pfiesteria ,
) 8% 2.3
Amphidinium operculatum , SSU rDNA « 2 , GTR+I'
SSU rDNA  cox 1 Puzzle HKY385 Phyml
, Symbiodinium sp. 106.14,
1% 4% 18.48, IsKkH SH ELW
2.2 , Puzzle P
SSU rDNA ( 1-A) 0, Phyml 1,
. Amphidinium  Gonyaulax ; 2sKH , Phyml
, ; ML ( 2-
’ A ) :
> ; ( ); Chi-square ,
, ML NJ Karenia brevis Symbiodinium sp. 5
( 70) ; , P (P>0.99),
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Plasmodium falciparum M19172 | Plasmodium
776 Gonyaulax spinifera EU805590 | Gonyaulax
2222 | Amphidinium carterae EF057407
100/62 99 \f|Amphidinium carterae %
100 L Amphidinium operculatum EF057406
100/79 Alexandrium affine AJ535375
M‘TL Alexandrium tamarense EU024794 ‘ Alexandrium
A 10 Alexandrium minutum AY 883006
W Gyrod;’(nium in}s?{]rsizéguzn;é)QOMSZZ | Gyrodinium
T00 \ (Karenia mikimotoi .
SSU rDNA Karena brevis AF352822 Karenia

Amphidinium

5N Lrorocentrum micans AY585526
194jc5 N Prorocentrum micans %
P9/911 9, Prorocentrum mexicanum EU287485

100 T Prorocentrum rhathymum EU287487
6g Prorocentrum minimum DQ336060
Prorocentrum dentatum DQ336057
Prorocentrum donghaiense AY551272
Prorocentrum triestinum AB183673
Dinophysis acuminata EU130569 | Dinophysis
Pfiesteria-like sp. AY590476 ;
99 Pfiesteria piscicida AF330620 Ffiesteria

100/100 Symbiodinium sp. AY456113

100 Symbiodinium microadriaticum ¢

100/93 Prorocentrum arenarium Y 16234 )
! 100 [Prorocentrum lima AB189779 The benthic Prorocentrum
0.02 94/98 Prorocentrum lima ¢
100

The planktonic Prorocentrum

97/
96

| Symbiodinium

Plasmodium falciparum HMO000116 | Plasmodium

/92 Amphidinium operculatum EU126141
98/90 W Amphidinium carterae > | Amphidinium
99 L Amphidinium carterae EU916928
96/89 ~|— Gonyaulax spinifera GQ501218 | Gonyaulax
A

96 lexandrium affine AB290127

74/62

Alexandrium tamarense AB290125 ‘ Alexandrium
75

‘/l Alexandrium minutum GQ501156
100/72 | Karena brevis EU043063 | Karena
—| 99 'Karenia mikimotoi EU043110
Gyrodinium instriatum AY786473 | Gyrodinium

Prorocentrum micans EU126148
|73}— Prorocentrum micans
Prorocentrum mexicanum EU916907
B 96 Prorocentrum triestinum EU916903 | The planktonic Proorcentrum
86/91 Prorocentrum minimum EU916891
coxl 76 |~ Prorocentrum balticum EU916901
Prorocentrum dentatum EU916912

Dinophysis acuminata AM931582 | Dinophysis
86/92 || — Pfiesteria-like sp. EU126147 ‘ P ‘
95/63 g% 19 -rPﬁesteria piscicida AF463412 fresteria
100 At Prorocentrum hoffimannianum EU916905

?2/98_ Prorocentrum lima EU916853

The benthic Prorocentrum
g Prorocentrum lima 3¢
91/99, Symbiodinium microadriaticum 3¢ ‘ o
0.05 100 — Symbiodinium sp. EU130572 Symbiodinium

Plasmodium falciparum M19172+ HM000116 | Plasmodium
Amphidinium operculatum EF057406+ EU126141
100/77 Amphidinium carterae ¥
100 L Amphidinium carterae EF057407+ EU916928
100/91 — Alexandrium affine AJ535375+ AB290127
MLIWL Alexandrium tamarense EU024794+ AB290125 | Alexandrium
“ 100 L dlexandrium minutum AY 883006+ GQ501156
Gonyaulax spinifera EU805590+ GQ501218  |Gonyaulax
Prorocentrum lima AB189779+ EU916853 .
4”(1)8699 Prorocentrum lima 5 |The benthic Prorocentrum
100/99; Karena brevis AF352822+ EU043063
() ! Karenia mikimotoi F1587220+ EU043110
81 prorocentrum micans AY585526+ EU126148
Prorocentrum micans
Prorocentrum mexicanum EU287485+ EU916907
Prorocentrum minimum DQ336060+ EU916891
Prorocentrum dentatum DQ336057+ EU916912
Prorocentrum triestinum AB183673+ EU916903
Dinophysis acuminate EU130569+ AM931582 | Dinophysis
C 99/67 Pfiesteria-like sp. AY590476+ EU126147 .
100 Pfiesteria piscicida AF330620+ AF463412 ‘ Pfiesteria

SSU rDNA + coxl % Gyrodinium instriatum DQO084522+ AY 786473 | Gyrodinium
100/79 Symbiodinium sp. AY456113+ EU130572 ‘ Symbiodinium
0.02 100 Symbiodinium microadriaticum >

Amphidinium

| Karenia

87/ A

The planktonic Prorocentrum
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1 SSU rDNA(A) cox 1(B) SSU rDNA+ cox 1(C)
) . ML
(Bootstrap support values), HKYS85  GTR+I+T ML ; NJ
( Kimura 2-parameter ). =60% s >95% ( GTR+I+T ),
e s GenBank,

Fig. 1 Phylogenetic tree of dinoflagellates organisms based on SSU rDNA (part A), cox 1(part B) and SSU rDNA+ cox 1(part C)
Branch lengths are proportional to the number of substitutions per site (see scale bar). The results of ML bootstrap support values are
shown above the branches, whereas HKY 85 (left of slash mark) and GTR+I+I" model (right of slash mark); and NJ Bootstrap support

values are shown below the branches. Only when Bootstrap values =60%, the thicker branches denote a Bayesian posterior prob-
ability >95%.““  ””is signed as the dinoflagellate species used in this study. The other sequences are available in GenBank, and the

accession numbers for those of dinoflagellates are shown on this figure.

cox 1 ( 2 (rDNA
, Puzzle Phyml ITS) ,
R ; 1sKH (19]
SH ELW  2sKH , p ,
0, Phyml , Phyml , (201 ,
2-B s Proro- ,
centrum triestinum  P. micans P 0.99 (21] ,
SSU rDNA+ cox 1 ( 2) cox [22] SSU rDNA
1 , ; 1sKH cox 1 ,
Phyml Puzzle ,
, ML ( 2-0 Pfiesteria-
like sp. Karena brevis >
( 2-AB)
, Chi-square P 1 2 , (Gymnodiniaceae)
0.99 , HKY&5 Karenia Gyrodinium ,
3 Gonyaulax  Alexandrium ,
[18] Zhang % cob  cox 1

% 2 EHTF SSUIrDNA. cox 1 #1 SSU rDNA+cox 1 FF3I#E R ML (8] B9 +R M 5 #0114
Tab. 2 Testing the ML tree topology that organisms based on the SSU rDNA, cox 1 and SSU rDNA+cox 1 sequences

. gL . P-1sKH P-SH P-ELW P-2sKH
gene phylogenetic tree difference SE
Puzzle tree -5507.64 106.14 18.4800 0.0000 — 0.0000 — 0.0000 — -
SSU rDNA
Phyml tree -5401.50 0.00 <---- best 1.0000 + 1.0000 + 1.0000 + best
| Puzzle tree —1426.90 4.88 4.8003 0.1470 + 0.1510 + 0.1721 + +
cox
Phyml tree —1422.02 0.00 <---- best 1.0000 + 1.0000 + 0.8279 + best
SSU tDNA Puzzle tree —6983.41 11.32 5.7412 0.0400 — 0.0350 — 0.0278 — -

+eox 1 Phyml tree —6972.09 0.00 <---- best 1.0000 + 1.0000 + 0.9722 + best
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Alexandrium minutum

A
SSU rDNA

Gyrodinium instriatum

Dinophysis acuminata

77/99 Pfiesteria-like sp.
Pfiesteria piscicida

85/89 Karena brevis

60/

98/82 [ Prorocentrum mexicanum

Prorocentrum micans >

99/99

100/100 [ Prorocentrum minimum

97/88 Prorocentrum dentatum

Prorocentrum triestinum

/100 Symbiodinium microadriaticum ¢
Symbiodinium sp.

%
0.01

69/91 Gyrodinium instriatum
s Karena brevis
Coxl 84/87 [ Pfiesteria piscicida
Pfiesteria-like sp.
94/88 Prorocentrum dentatum

/79 E o
] 80/98 Prorocentrum minimum

/75

Prorocentrum lima

Prorocentrum triestinum

Prorocentrum mexicanum

Prorocentrum micans

Dinophysis acuminata

Alexandrium minutum

Prorocentrum lima >

89/100 ,7Symbiodinium sp.
I Symbiodinium microadriaticum ¢

0.01

Alexandrium minutum

C
SSU rDNA+ Gyrodinium instriatum
cox1 77/99 Pfiesteria-like sp.

90/87 Pfiesteria piscicida

Karena brevis

Dinophysis acuminata

/ Prorocentrum triestin
99/100 Prorocentrum minimum
Prorocentrum dentatum

Prorocentrum micans >

99/100

94/87
Prorocentrum mexicanu

Prorocentrum lima >

/100 | Symbiodinium microadriaticum > Chj-square test
L Symbiodinium sp. P<0.95
0.01 P>0.99
2 14 SSU rDNA(A) cox 1(B) SSU rDNA+ cox 1(C) ML
( ) . Tree-Puzzle ver. 5.2 Phyml ver. 3.0 ML
Chi-square ML s P 3 N
P<95% , , P=95% , e

Fig .2 Phylogenetic tree of 14 dinoflagellates organisms based on SSU rDNA (A), cox 1(B) and SSU rDNA+ cox 1(C) sequences
Branch lengths are proportional to the number of substitutions per site (see scale bar). The results of ML bootstrap support values are
shown above the branches, whereas by Tree-Puzzle ver. 5.2 software (left of slash mark) and Phyml ver. 3.0 software (right of slash
mark). Testing two ML tree topology by Chi-square, the thin branches denote P<95% and the thicker branches denote P>95%.

””be signed as the dinoflagellate species used in this study.
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Analysis of the evolution of different ecological groups of dinoflag-
ellates based on SSU rDNA and mitochondrial cox 1 sequences

TANG Chen'?, DONG Li', RAO Tao', JIA Rui', YU Kefeng', WU Weining', WANG Jinhui?,
XU Ren?, HE Peimin'

1. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China;
2. East China Sea Monitoring Center, East China Sea Branch, State Oceanic Administration, Shanghai 200137, China

Abstract: In this paper, we analyze the evolution of different ecological groups of dinoflagellates, based on SSU
rDNA and mitochondrial cox 1 sequences. After PCR and sequencing, we obtained partial sequences of SSU rDNA
and mitochondrial cox 1 for 4 dinoflagellates. By combining with related sequences of 26 dinoflagellates
downloaded from GenBank, their maximum likelihood (ML) and neighbor-joining trees were constructed, using
Plasmodium falciparum as the outgroup. The tree branch structure was evaluated by bootstrap support and calcu-
lation of the posterior probability was employed to assess the overall tree structure. This was followed by assess-
ment of the two ML tree topologies by 1sKH, SH, ELW and 2sKH tests. This analysis indicated that benthic Pro-
rocentrum did not cluster with planktonic Prorocentrum in phylogenetic trees based on different genes. Analysis of
Amphidinium carterae further supported their unique evolutionary positions. We conclude that the phylogenetic
tree based on SSU rDNA and mitochondrial cox 1 substantially reflects the evolution of dinoflagellates. The re-
sults of this study laid a foundation for further research on the evolution between different ecological groups of
dinoflagellate from the genetic level.

Key words: Planktonic dinoflagellates; benthic dinoflagellates; Prorocentrum lima; Amphidinium carterae;
SSU rDNA; cox 1
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