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This study presents a molecular phylogenetic analysis of the harmful dinoflagellate Cochlodinium poly-
krikoides, by use of partial sequence of small subunit (SSU) rRNA gene from most of the major taxa
(24 species) in dinoflagellates. The class Dinophyceae clade formed a strong monophyletic relationship
with C. polykrikoides and several taxa. On the basis of deeper nodes, the phylogenetic relationships
placed C. polykrikoides closer to the order Prorocentrales rather than to the order Gymnodiniales,
which was supported by a strong bootstrap value (100%) in the analyses of Neighbor-Joining and
Parsimony methods. There is strong support for C. polykrikoides being placed in the same branch as
Gymnodiniaceae and being connected in a clade with Prororcentrum micans among Prorocentrales.
Morphological data show that C. polykrikoides is well associated with the genus Gyrodinium; however,
this species is genetically closer to Gymnodinium than to Gyrodinium. The placement of C. polykrikoides
always formed an independent branch separated from other dinoflagellates. In conclusion, planktonic
P. micans plays an important role as an ancestor of Gymnodinium, whereas C.  polykrikoides appears to

be used an intermediate position between P. micans and Gymmnodinium based on evolution.
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Introduction

The class Dinophyceae belongs to a dinoflagellate, a
member of Protista. Dinoflagellates are large and diverse,
containing over 4,000 species [10]. Dinoflagellates are con-
sidered to be among the most primitive of the eukaryotic
group, as they combine characteristics of prokaryotes with
advanced eukaryotic features [37,38,48,49]. Furthermore, di-
noflagellates are an ecologically important group of uni-
cellular protests, with diverse nutrition (autotrophic, heter-
otrophic, and mixotrophic), and complex life cycles (sexual
and asexual, motile and non-motile) [3,10,37]. It is also un-
derstood that some species should provide insights into
massive blooms in the waters and are notorious for killing
fish and shellfish [18,30].

HABs (Harmful Algal Blooms) are increasing in frequency
or severity in many coastal environments and worldwide.
Most HAB species belong to the class Dinophyceae, which
can be resolved to five types (Gymnodinioids, Gonyaulacoids,
Dinophysoids, Prorocentroids, and Peridinoids) on the mor-
phological features paradigm as described by Taylor [50].
Next, Zardoya [56] reported that molecular analysis firmly
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supported the morphological phylogenesis. Among the sec-
tion of protests, Cochlodinium polykrikoides Margalef is un-
armoured and chain-forming, and containing eyespots
which are located under the anterior portion of the sulcus
(6,35,38]. This species is found to be the most ichthyotoxic
genera in Korea, which is associated with suffocation due
to oxygen depletion by the production of mucus during mas-
sive blooms [4,29]. Recently, we compared and determined
the nucleotide sequences of C. polykrikoides with Korean
HABs targeted SSU (Small Subunit {31]),,ESU (Large Subunit
[38]), and ITS (Internal Transcribed Spacer [7]) in order to
analyze their phylogenetic relationship. Most of our current
understanding suggests-that this-species should be close to
the genus Gymnodinium on the basis of morphological fea-
tures, but appear to be not genetically adjacent.

It is known that most photosynthetic dinoflagellates
have plastids that contain chlorophylls 2 and ¢, as well as
peridinin as the major photosynthetic pigments exist in the
genome as unique single-gene mini-circles [11,25,58].
However, some species have found fucoxanthin derivatives
(19’ -hexanoyloxy-fuxoxanthin and 19-butanoyloxy-fucox-
anthin) as the major pigments which are similar to hapto-
phytes [8,9,19,25]. In this role, extensive research and dis-
cussion on the aspects of the degree of evolutionary line-
age and history in dinoflagellates concerning the origin of
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ancestors for endosymbiotic relationships are still carried
out [12,17,214245-475354,57]. However, dinoflagellate
evolution has not been fully explained to date.

C. polykrikoides has been regarded as a photosynthetic
dinoflagellate. More recently, C. polykrikoides could feed on
small phytoplankton species and had a considerable graz-
ing impact on the populations of cryptophtes described by
Jeong [27]. Understanding the nuclear gene sequence-based
studies on the evolutionary process of C. polykrikoides has
been limited. For the host cell, the basal lineage is ambig-
uous, and the evolutionary relationship among different
taxa is controversial for several lineages. SSU has proven
to be useful for the study of intra and inter-specific genetic
variation in Dinophyceae. Here, we sequenced SSU to in-
vestigate phylogenetic relationships, and the evolutionary
process by undertaking a detailed examination of the mix-
otrophic C. polykrikoides to establish its association with re-
lated species. We also obtained other sequences through
GenBank search to form a combined data set.

Materials and Methods

Cultures

In this study, a total of 24 species (Bacillariophyceae, 5
species; Chlorophyceae, 9 species; Cyanophyceae, 2 species,
Dinophyceae, 7 species; Haptophyceae, 1 species) were ob-
tained from Korea Marine Microalgae Culture, Pukyong
University in Busan (Table 1). C. polykrikoides sample was
taken from red tide waters in Yeosu, Korea, and was iso-
lated using capillary pipette under microscope as axeni-
cally as possible. These organisms were grown in cell-cul-
ture flasks with 20 ml of f/2+5i medium [16] at 20C under
50 pmol m? s* from white fluorescent tubes in 12:12
ligh:dark cycle, and maintained by serial transfers of an in-
oculum to fresh medium once in a month.

DNA extraction
Cultures were harvested during the exponential phase
by centrifugation (12,000 rpm, 10 min). Pellets were imme-

Table 1. Isolates of microalgal species used in the phylogenetic analyses. Accession numbers of their SSU rRNA partial sequences
were input into DNA databases (NCBI). Cochlodinium polykrikoides was collected from red tide waters in Korea, 2004.
A total of 24 species were provided from Korea Marine Microalgae Culture, Pukyong University in Busan.

Species Strain Location Habitat Year  GenBank accession number
Nitzschia apiculata B-100 Deukryang bay Marine 1995 DQ887490
Lithodesmium undulatum B-171 Nakdong river Marine 1995 DQ887491
Melosira nummuloides B-561 Uljin Marine 2001 DQ887492
Dunaliella tertiolecta C-009 Incheon Marine 1985 DQ887493
Nannochloris oculata* C-031 York river, USA Marine 1974 DQ887494
Cochlodinium polykrikoides YS2004 Yeosu Marine 2004 DQB887495
Gloeocystis gigas C-133 Yeosu Marine 1998 DQ88749%
Chroomonas salina CR-002 Haeundae Marine 1997 DQ887497
Lyngbya taylorii CY-004 Mokpo Marine 1986 DQ887498
Chroococcus minutus CY-042 Busan Marine 1995 DQ887499
Prorocentrum micans D-008 Busan Marine 1998 DQ887500
Heterocapsa triquetra D-009 Yeosu Marine 1998 DQ887501
Gyrodinium impudicum** D-85 Narodo Marine DQ887502
Gyrodinium aureolum D-97 Geojedo Marine 1999 DQ887503
Amphidinium caterae D-19 Yoido Marine 1999 DQ887504
Melosira sp. EB-004 Busan Estuary 1999 DQ887505
Chiorella vulgaris EC-003 Hwajinpo Estuary 1995 DQ887506
Oocystis lacustris EC-016 Busan Estuary 1999 DQ887507
Cyclotella choctawhatcheeeana EB-001 Hwajinpo Estuary 1995 DQ887508
Prymnessium parvum H-20 Jejudo Marine 199% DQ887509
Microcystis aeruginosa*™ FC-070 Nakdong river Freshwater 1995 DQ887510
Prorocentrum balticum D-71 Busan Marine 1999 DQ887511
Gymnodinium catenatum*** D-99 Marine DQ887512
Nannochloropsis salina EUS-001 Estuary DQ887513
Chlorella ellipsoidea* FC-006 Freshwater DQ887514

Note: These species were obtained from UTEX (The University of Texas at Austin) Culture Collection of Algae*, Inje University™, and

Pukyong University** in Korea, respectively.



diately preserved at -20C until required. Total DNA was
extracted by the method of Asahida [2]. Amplification and
sequencing of the partial region of the nuclear rRNA gene
were conducted using primers NS1 and NS2 [23]. The pri-
mer sequences are as follows: NS1 (5-GTAGTCATATGCT
TGTCTC-3) and NS2 (5"-GGCTGCTGGCACCAGACTTGC-
3'). PCR (Polymerase Chain Reaction). reactions were per-
formed under the following conditions in 25 pl reaction
volumes: 20 pmol of each primer; 0.5 mM dNTPs; 1.25 unit
Tag DNA polymerase (FastStar Tag DNA polymerase,
Roche Co.); 10 x PCR reaction buffer (Roche Co.); 5-30 ng
total genomic DNA. The thermocycling profile included an
initial denaturation step of 95 for 3 min, followed by 35
cycles of 1 min at 95C, primer annealing for 1 min at 50

T, and extension for 5 min at 72°C. The final extension .

step was increased to 5 min. The PCR was carried out by
iCycler Thermocycle (Bio-Rad). Products from specific PCR
amplification reactions were analyzing -using 2% agarose
run at 50 V for 50 min, and visualized after staining in 0.5
ug ml” ethidium bromide. The PCR product was purified
using PCR Purification kit (NucleoSpin® Extract) by fol-
lowing manufacturer’s instruction. Purified DNA fragment
was stored at -20C until use.

Nucleotide sequence

The purified DNA using an Applied Biosystem model
ABI 3730XL automated sequencer and a Big Dye terminator
cycle sequencing kit (Perkin-Elmer Applied Biosystems,
UK). For the sequencing reaction, 30 ng of purified PCR
products, 2.5 pmol of primer, and 1 pl of Big Dye termi-
nator were mixed and adjusted to a final volume of 7 pl
with dH,O. The reaction was run with 5% DMSO for 30
cycles of 15 s at 95T, 5 s at 50, and 4 min at 60T. Both
strands were sequenced for crosscheck.

Phylogenetic analysis

Sequence data were aligned using the multiple alignment
program Clustal W [51] and determined by parsimony and
distances methods incorporated in PHYLIP (Phylogeny
Inference Package) ver. 3.5c [13] as a subprogram
NEIGHBOR. PHYLIP was used dinoflagellates such as
Protoperidinium  thulesense AB261522, Noctiluca scintillans
DQ388461, Gyrodinium aureolum D-97, Dinophysis acuminate
AJ506972, D. fortii AB073118, D. norvegica AY260470,
Prorocentrum lima AB189780, P. minimum AJ415520, P. triesti-
num AB183673, Gambierdiscus toxicus DQ388463, Alexnadrium
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tamarense AJ415510, A. ostenfeldii AJ535384, Coolia monotis
AJ415509, Ostreopsis ovata AF244939, Ceratium furca AJ276699,
C. fusus AF022153, Gonyalulax polygramma AJ833631,
Gymmnodinium mikimotoi AF022195, Karena brevis AF352822,
Pfiesteria  shumwaye AF080093, P. piscicida AY033488,
Gymnodinium fuscum AF022194, G. galatheanum AF272049,
Gyrodinium spirale AB120001, Scrippsiella trochoidea AJ415515,
Takayama pulchellum AY800130, Akashiwo sanguinea AJ415513.
This search for parsimony analysis was repeated several
times from different yandom starting points using the step-
wise addition option to make certain the most parsimo-
nious tree was found. For distance analysis, subprogram
DNADIST in PHYLIP was used to obtain a matrix of
Kimura’s two-parameter distance [32]. Distance matrix was
analyzed by subprogram NEIGHBOR in PHYLIP with algo-
rithms based on:Saitou and Nei's NJ method [41]. All nu-
cleotide substituions were equally wighted and unordered
alighment gaps were treated as missing information.
Reliability of the tree was constructed using subprogram
CONSENSE in PHYLIP after pairwise sequence distances
were estimated by Kimura's two-parameter method, which
attempts to correct observed dissimilarities for multiple
substitutions in sequences evolving with a transition bias.

GenBank accession number

The determined rRNA gene sequences were deposited
at the NCBI (National Center for Biotechnology Informa-
tion) data library. Their accession numbers are indicated in
Table 1.

Results

The use of oligonucleotide primers NS1 (forward) and
NS2 (reverse) following agarose gel electrophoresis enabled
us to successfully amplify a partial portion of an SSU re-
gion in an RNA gene. This allowed us to obtain a 502 bp
fragment in Nannochloropsis salina EUS-001 (Fig. 1). The
alignment of nucleotide sequences of the rRNA gene for 25
species revealed considerable variation of sequences be-
tween each species (Fig. 2). The nucleotide lengths of SSU
regions were significantly different. The shortest length of
the partial portion of an SSU region was 498 nucloeotides
for Prorocentrum balticum D-71, and the longest length of the
SSU regions was 579 nucloeotides of Prorocentrum micans
D-008. Among 25 species sequenced in this study, the dif-
ference between the shortest and the longest segment was
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Fig. 1. Amplification product obtained with the primers NS1
(forward) and NS2 (reverse) for Nannochloropsis salina
EUS-001. 100 bp DNA ladder was used as molecular
size marker in this study.

81 nucleotides. In particular, the amplified PCR product of
C. polykrikoides had a length of 510 nuclotides which was
a moderate nucleotide size compared with other tested
species. The SSU rRNA gene sequence was determined for
25 species which were retrieved from the GenBank data-
base by way of PHYLIP. The Kimura two-parameter NJ
analysis and substitution rate calibration analysis each pro-
duced phylogenetic trees, and the substitution rate calibra-
tion tree was shown in Fig. 3. The PHYLIP NJ and parsi-
mony analyses produced a tree that was similar to the sub-
stitution rate calibraton tree and all groups were
recovered. The aspects of topology were retained. Tree
members of each clade by NJ and parsimony analyses in
PHYLIP included their own groups, forming monophyletic
groups. The essential aspects of topology were that the
class Dinophyceae (DI) clade formed a strong mono-
phyletic relationship (bootstrap >70% based on NJ and
parsimony analyses in PHYLIP) with C. polykrikoides and
several taxa (Amphidinium, Gymnodinium, Prorocentrum,
Heterocapsa, and Gyrodinium). Prorocentrum, Heterocapsa, and
Gyrodinium showed the most basal section. That was nest-
ed to G. catenatum and C. polykrikoides, which were sup-
ported by a strong bootstrap value of >85% in NJ and par-
simony analyses. Although G. aureolum was considered to
be a member of Dinophyceae on the basis of morpho-
logical taxonomy, a phylogenetic analysis it was placed
with G. aureolum in the class Chlorophyceae rather than
Dinophyceae. On the basis of deeper nodes, the phyloge-
netic relationships placed C. polykrikoides closer to the order
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AGTT-TACTTGATAATCTTTACTTA-———CATGGA-TAA—CCGT-GETAATTC-TAGAG
AGTT-TATTTGATAGTCCCTTACTA-——CTTGGAATAC—COGT-AGTAATTG-TAGAG
AGTT-TATTTGATGGTCACTCTTTA———CATGGA-TAA—CTGT-GCTAATTC-TAGAG
AGTT-TATTTGATGGTCATTCT T TA-~—CATGGA-TAA—CTGT-GCTAATTG~TAGAG
CGTT-TATTTGOTGGTCATTCATTA——CATGGA-TAA—CCAT-GGTAATTC-TAGAG
AGTT-TATTTGATGGTCATTC-TTA-—~—~CATGGA-TAA—CCGT-GATAATTC-TAGAG
AGTT-TATTTGATGGTCGCTTCCTA—~—CATGGA-TAA-~CCGT-GGTAATTC-TAGAG
AATT-TTCGCAGTGCTTCATC-ACA-——CATGGA-TAA--CTGT-GRAAAATC-TAGGG
AGTT-TATTTGATGATACCTACT-A-——CTCOGA-TAA—CCGT-AGTAATTC-TAGAG
AGTT-TATTTGATGGTACCTACT TA--—CTCGGA-TAA—COGT~AGTAATTC~TACGAG
AGTT-TATTTGATGATACCT-CT-A~——~CTCGGA-TAA—CCGT-AGTAATTC-TAGAG
AGTT-TATTTGATGGTACCT-CT-A-——CTCGGA-TAA—CCGT-AGTAATTC-TAGAG
AGTT—ATTTGATGGCCCT TACT-A———CTCGGA- TAC—~COGA-AGTAAATC-TAGAG
AGTT~TATTTGATGGTACTTACT-A~~~~CTCGGA-TAC—~CCGGTAGTAAATC-TAGAG
GGTT-TATTTGATGGGACCTACT-A-———CTTGGA-TAA—CCGT-AGTAATTC-TAGAG
TATT-TCTTTGATAGTCCCTTACTA- ——CTTGGA-TAC—‘CTGT-AGTAATT(}TAGAG
AGTT-TATTTGATAGTCCTTTACTA-——CTTGGA-T, AG-TAATTC-TAGA!

AGTT-TATTTGATAGTCCTTTACTA-—~—CTTGGA- TAA—CCGTAG—TAATTC —TAGAG
AGTTATATTGAGTAGGTCCCTCTTAACACCTTGGG-AARACCCGTAGGTAATTCCTAGAG
AGTT~TATTTGATAGTCACCTACTA-~~~CTTGGA-TAA—COGTAG-TAATTC-TAGAG

AGTT-TATTTGATAGTTTTCAGT-A-—TATGGA-TAA—CCGT-AGTAATTC-TAGAG
AGTT-TATTTGACATTCTTTACT-A—TTTOGA- TAA—CUST AGTARTTC-TAGAG
e ACTCACTG-——TCTAGT-TAG—CBAAGCAACTGOGAATG

e ATCCTORCTCA————GGATGAACOCTACGGCRTACC- TAACA

*

C-—TAATACATGCGCCAAAACCCGACTTCTT——GGAAGGGT TGTGTTTATTAGTTACA
C-—TAATACATGCGAAMAAACTCGACTTTAT—GGAAGGGTTGTATTTATTAGATAAA
C-~—TAATACATGCGTCAATACCCTTCT— —GGGGTAGTATTTATTAGAT-TG
C~~TAATACATGCGCCCAAAC(X)GACTTCGA--GGAAGGGTTGTGTTTATYAGTTACA

G—TAA GACTTATA——GGAAGCATTGTGTTTATTAGTTACA
C———TN\TACATGC AGACCCAACTT CGT-——GGAAGGGTTGTGTTTATTAGGTACA
C~—TAATACATGGGOCCAAACCOBACTTCTT——GGAAGGGT TAGCGTTTATTAGTTACA

C~—~TAATACATGGGOCCAGAGCCGACT TCGA~—GGAAGGGT TGCATTTATTAGATACA
G-——TAATACATGCGTC-ATACCT! GACTTCTG—GGAAAGGTI’GCTATCATGAGTCATA
C-—TAATACGTGCGTAA-ATCCCGACTTCT——GGAAGGGACGTATTTATTAGATTTA
G-—-TAATACGTGCGTCAGATCCCGACTTCTTGTCGGAAGRGACGTATTTATTAGATAAA
C---TAATACGTGCGCAA-ATCCCGACTTCT———-GGAAGGGACGTATTTATTAGATAAA
C--~TAATACGTGCGCAA-ATCCCGACTTCT———GGAAGGGACGTATTTATTAGATAAA
C———TAATACGGGCGTAA-ATCCOGACTTCT——GGAAGGGACGTATTTATTAGATAAN
C—TAATACGTGOGTAA-ATCCOGACTTCT——GGAAGGGACGTATTTATTAGATAAA
C——TAATAGAT GCAGGCAGT COCAACTCC————GGAAGGGATGTATTTATTAGATAAG
C-~—TAATAGATGCATCAATACCCGACT TCT—GGAAGGGTAGTATTTATTAGGTAT-
C——TAATACAT(KIATCAACTCCCAACTGCTTGTGGGACGGGATGTATTTATTAGATAGA
C——TAATACATGCATCAACTCCCAACTGCTTGTCGGACGEGATGTATTTATTAGATAGA
CC—'TAATACGTGCGTCCACTOCCGACTGCT-—-GGAAGGGA GTATTTATTAGATAAA
C——TAATACATGGATCAACTCCCAACTGCTT~—GGACGGGATGTATTTATTAGATGGA
C-——TAATACATGCACGAAGTCCGBATCCCTCGG-GAGAAGGATGCGT TTATTAGATACC
G-——TAATACATGCGTAAAAATCTCACT TC——GGAAAGATTGTATTTATTAGGTACC

G-—CTATACATGCATCAATACCCAACTGCTCAC-GGAAGGGTAGTATTTATTAGATAGA
CATGCAAGTOGAACGGGAATCTTCBGATTCTAGT-GGOGRACGGGTGAGTAACGCGTAAG

* * * * *

Fig. 2. Continued



AAACCAACCCAGBCTCOGCCTGGTC-~~TTCTGRTGATTCATAATAAGCGAACGAATCGE
GAACCAATATAA -~ T TGGTGACTCATAATAACT TTACGGATCAC
AAACCAACCOCTTCG-———GGGTG~-~ATGTGGTGATTCATAATAAGCT TGCGGATCGC
GAAGGAACCCAGGCTCTGLCTGGTC~~~TTGTGGTBATTCATAATAACCGAACGAATCGC
GAACCAGCCCAGGCTCCGCCTGGTC—-CTTTGRTGAT TCATAATAACCGAACGAATCAC
GAACCAACCCAGBCTCTGCCTGGTC~~~TTTTGRTGATTCATAATAAGCGAACGAATCGC
AAACCAACCCAGGBCTCOGOCTBGTC-—TTCTGRTGATTCATAATAACCGAGCGAATCGC
GAACCAACACAGECTCTGCCTGECT-—TGTTGATGATTCATAATAACCGATCGAATCGC
GAATCGGCGCAGGCTCTOCCT TGCTA--CTAAGGTGAGTCATGATAAT TTAGCTGATCGC
AGGOCG-ACCGAGCT-TTGCTCGTC-~~TTGCGGTGAATCATGATAACTTGACGAATCGC
AGGOCG-ACCGGATT-TTTCCGACA-~~TCGCGGTGACTCATGATAACTTCACGAATCGC
AGBOCA~GCCGAGCT-CTGCTCOAC-~~CTGCGRTGACTCATAATAACTTCACGAATCGC
AGGCCA-GCOGAGCT-TTGCTCEAC-—~CTGCGGTGACTCATAATAAGTTCACGAATCGC
AGGCCG-ACCEEECT ~CTGCCCOAC-~~TCOCGOOGAATCATGAGAC TTCTCOAATCGE
AGGCCG-ACCGGECT TCTGOCCGAC-——TCGCGGTGAATCATGATAACTTCACGAATCGC
AAACCA-ACTCGCTT—-TGC~GGGT-~~GAGTGCTGAGTCATACTAACTTTTCCAATCGC
AGACCA-AGACCOTT-~CGBGGT T6-—-CTTTGATGATTCATAATAACTAATCGGATCGC

AACCAATACCGAGTTTTCTCGGT TT-—TTGTGGTGAATCATAGTAACTGTGCGAATCGA
AAGCCAACCT TCAAG—~ACAAGT T-—CTTTGGTGAATCATAATAACCGAGCGAACCTC
AAGOCAACCTCOTTC-—BGGAGT T—~CTTTGGTGATTCATGATATAGAAACGGATCGC
AAGCAACCCTCOTOG———— GACGTG--ATGTGGTGATTCATAATAACTCTGCGAATGSC
AATCTAACTTCAGGAOGGGGACMCAGTT%AAACGACTGCTAATA—CGCGATAT(K}CGC

*k ko *

ATGGCATC—CGCTGGOGATGAATCATTCAAGT T TCTGACCTATCAGCT TCCGACGGTAG
ATTAAAT: ~GTGACATATCATTCAAGTTTCTGACCTATCAGCT TTAGACGGTAG
AT-GOCTC—TGOOGGCGATGGATCATTCAAGT TTCTGCCCTATCAGCTTTGGATGGTAG
ATGGCATC--CGCTRACGATGAATCATTCAAGT TTCTGACCTATCAGCTTCCGACGGTAG
ATAGC-TT--CGCTOGCGATGAATCAT TCAAGTTTCTGACCTATCAGCTTCCGACGGTAG
ATGECCTG——GCCTAGCGATGGACTATTCAAGT TTCTGACCTATCAGCT TCCGACGGTAG
ATGCTTCT—GGC-GGCGATGAATCATTCAAGT TTCTGACCTATCAGCTTCCGACGGTAG
ATGBGATC—CGOCAGCGATGACTCATTCAAGTTTCTGACCTATCAGCTTCCGACGGTAG
ATTGGATC—AGCTGGTGATGAACTGCACAAGT TTCTGACCTATCAGCTTCCGACGCTAG
ATGGOCTCCGOGOCGGCGATGT TTCAT TCAAATTTCTGCCCTATCAATTTGOGATGGTAG
ATGGCCTC-GTGCCGOCGATGTTTCATTCAAATTTCTGCCCTATCAACTTTTGATGGTAG
ACGBCCTCTGCGCCOGOGATGT TTCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAG
ACBGCCTCTRTGUCGOOGATGTTTCATTCARATTTCTGOCCTATCAACT TTCGATGGTAG
ATGGECTT-GTGOCGGCGATGTTTCATTCAAATTTCTGCCCTATCAACTTTTGATGGGAG
ATGECCTT-BTGCCGACGATGTTTCATTCAAATTTCTGCCCTATCAACTTTTGATGATAG

ATGACTTT-ATGCCGOOGATGGT TCATTCAAATTTCTGOCCTATCAGCTTTCGATGGTAG
ATGG-CTCAATGCCGGOGATGGATCATTCAAGT TTCTGOCCTATCAGTTTTGGTTGGOAG
CCGGCT TT—TGCCAGCGACGAATCAT TCAAGT TTGTGCCCTATCAGCTTTGGATGGTAG
CCOGCT TT—~TGCCAGCGACGAATCATTCAAGT TTCTGCCCTATCAGCTTTGGATGGTAG
CCGGCTTT--TGCCACCGACGAATCATTCAAGT TTCTGCCCTATCAGCT TTGGATGAGAG
CTTGCATC—AGCGGTCGATGGT TCATTCAAGTTTCTGCCCTATCAGCTTCGGATGGTAG
ATGECATT-AAGATAGAGGTGGT TCATTCAAGTTTCTGCCCTATCAGCTTTCGATGGTAG
ATGGCATT-—GCCGGCGACAGGTCATATAAGT TTCTGOCCTATCAGCTTTGGATGGTAG
ATGGCTCT-ATGOCGGCGATGGATCAT TCAAGTTTCTGCCCTATCAGCTTTGGATGGTAG
AAGGTGAA—ACCTAATTGGGCTGGAGAAGAGCTTGCGTCTGATTAGCT—AGTTGGTGG

LR L I T A

GGTATTGGCCTACCGTGGCAATGACGGGTAACGBAGAATTAGGGT TCGATTCCGGAGAGG
GGTATTGEOCTACCGTGGCAATGACGGGTAACGGGGAAT TAGBBT TOGAT TCCGOAGAGG
GGTATTGGCCTACCATGGCTTTAACGGGTAACGGGAAATTAGGGT TTGATTCCGGAGAGG
GGTATTGGCCTACCGTGGCAATGACGGGTAACGGAGAAT TAGGGTTCGATTCCGGAGAGG
GGTATTGGCCTACCGTGGUAAT GACGGGTARCGGAGAAT TAGGGT TCGATTCCGGAGAGG
GGTATTGGCOTAGCGTGGCAATGACGGGTAACAGAGAAT TAGGGT TCGAT TCTGGAGAGG
GGTATTGGCCTACCGTGGOAATGACGGGTAACGGAGAAT TAGGGTTCGATTCCGGAGAGG
GATATGGGCTTACCGTGGCAATGACGGGTAACGGAGAATTAGGGTTCGAT TCCGGAGAGG
GGTATTGGCCTACTGTGGCAATGACGGATGACGGAGAATTAGGGT TCGATTCCGGAGAGG
GATAGAGGCCTACCATGGTGGTAACGBGTGACGGAGAATTAGGGT TCGATTCCGGAGAGG
GATAGAGGCCTACCATGGTGATAACGGGTGACGBAGAATTAGGGT TCGATTCCGOAGAGG
GATAGAGGCCTACCATGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGG
GATAGAGGCCTACCATGGTGGTAACGGGT GACGGAGGATTAGGGTTCGATTCCGGAGAGG
GATAGAGGCCTACCATGGGGGTAACGGGTGACGGAGGATTAGGGTTCGAT TCCCGAGAGG
GATAGAGGCCTACCATGGTGET AACGGGTGACGGAGGAT TAGGGTTCGATTCCGGAGAGG
GATAGAGGCCTACCATGECGT TAACGGGTAACGGAGAATTAGGGTTCGATTCCCGAGAGS
TGTATTGGACTCCCAAGACT TTGACGGGTAACGAATTGT TAGGGCAAGATT TCGGAGAGG
GGYTATTGGCCTACCATGGCTCTAACGGGTAACGGAGAAT TGGGGTTCOATTCCGGAGAGG
GGTATTGGOCTACCATGGCTCTAACGGGTAACGGAGAA
GBTATTGGCCTACCATGGCTCTAAGGGGTAACGGAGAATTGGGGT T
GGTATTGGCCTACCATGGCT T TAACGGGTAACGGAGAATTGGGGT TCGAT TCCGBAGAGG
GGTATTGGCCTACCATGGCGT TAACGGGTAACGGAGAATTAGGGT TCGAT TCCGGAGAGG
GGTATTTGOCTACCATGGCATTCACGGGTAACGGGAGATCAGGGTTTGACTCCGGAGAGG
GGTATTGGOCTACCATGGG-TTAACGGGTAACGGGTTGT TAGGGCAAGACTCCGGAGAGE
GGTAAGAGCCTAOCAAGGCGAOQATCAGTAGCTG-GTCTGAGAGGATGA&AGCCACACT
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GAGCCTGAGAAACGGCTACCACATCTAAGGARGGCAGCAGGCGCOCAA-TTACCCAATSC
GAGCCTGAGAAACGGCTACCACATCTAAGGAAGGCAGCAGGCGCGCAARTTACCCAATCC
g%TGAGAGACGGCTAGCACATCCAAGGAAGGCAGCAGGGGCGTAAATTACCCAATCC

GAGCCTGAGAAACGGCTACCACA: TCTAAGGAAGGCAGCAGGCGC&AAATTACCCAATCC
GAGCCTGAGAAACGGCTAGCAGATCTAAGGAAGGCAGCAGGCGCGCAAATTACC

GAGCCTGAGAAACGGCTACCAGATCCAAGGAAGGCAGCAGGOGCGCARAT TACCCAATCC
GAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCE
GAGCCTGAGAAACGGCTACCACA TCCCAGGAAGGCAGCAGGCGCGGAAATTACCCAATCC
GAGCCTGAGAAACGGCTACCACA TCGAAGGAAGGCAGCAGBCGCGCAAATTACCCAA

GAGCCTGAAAGACGGCTACCAGATCCAAGGAAGGCAGCA GCGCGCAAATTACOCAATCC
GAGCCTGAGAGACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGTAARTTACCCAATAC
GAGCCTGAGAGACGGLT ACCACATCCAAGGAAGACAGCAGGCGUGTAMT TACCCAATCL
GAGCCTGAGAGACGGCTAGCACATCCAAGGAAGGCAGCAGGCGCGTAMTTACCCAATCC
GAGCCTGAGAAACGECTACCACAT CCAAGBAAGGCAGCAGBCGCGTAAAT TACCCAATCC
GAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGTAAATTACCCAATCC
GAGCCTGAGAAACGGCTACCAGATCGAAGGAAGGLAGCAGGCGOGTARATTACCCAATCS
GAGCCTGAGAGACGGCTACCAGATCCAAGGAAGGCAGCAGGCGOGTAAATTACCCAATCC
GAGCCTGAGAGACGBCTACCAGATCCAAGGAAGGCAGCAGGCGCGTAAATTACCCAATCE
GGGACTGAGACACGGCCCAGACTCGTACGGGAGGCAGCAGTGRGGAAT TTTCCGCAATGG
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~TGACACAGGGAGGTAGTGACAAGAAATAAGAATACAGGGCATCCA-—TGTCTTGT-AA
~TAATACAGGGAGGTAGTGACAAGAAATAACAATACAGGACTTTTT-—GGTTTTGT-AA
~TGACACAGGGAGGTAGTGACAATAAATAACAATGOCGGGCCT TCTT-AGGTCTGGC-AA
~TGACACAGGGAGGTAGTGACAAGAAATAACAATACAGGGCATATC~—TGTCTTGT~AA
~TGACACAGGGAGGTAGTGACAAGAAATAACAATACAGRGCATAAT—TBTCTTGT-AA
~TGAGACAGGGAGGTAGTGACAAGAAATAACAATAGAGGGCATCCA-—-TGTCGTGT-AA
~TGACACAGGGAGGTAGTGACAAGAAATAACAATACAGGGCATCCA-~~TGTCTTGT~AA
~TGACACAGGGAGGTAGTGACAAGAAATAAGAATACAGGGCATCCA-—TGTCTTGT-AA
-TGACATGGGGAGGTAGTGACAAGCAATAACAATACGGGGCATCCA-—TGTCTTGT-AA

~TGACACAGBRAGGTAGTGACAATAAATAACAATACCBGBCT TTTC—AAGTCTGGT-AA
~TGACACAGGGAGGTAGTGACAATAAATAACAATACCGGGCCT T T-—~~GGTCTGGT-AA
—CGACACGGGGAGGTAGTGACAATAAATAACAATACCGGGLGTTCA-—ACGTCTGET-AA
~CGACACGGGGAGGT AGT GACAATAAATAACAATACCGGGCGT TCA~—ACGTCTGGT-AA
~TGACACAGGGAGGTAGTGACGATAAATAACAATAGTGGGCCTTTTC-AGGTCTGGTGAA
~TGACACAGOGAGGTAGTGACAATAAATAACAATACTGRGCCTTTTC-AGGTCTGGT-AA
—TGACACAGGGAGGTAGTGACAAGAARTAACAATACAGGGCTCTTCG-AGGCTTGG—AA
~TGAMCAGTGAGGTAGTGAGAATAAATAAGAATGCCGRECCTTTAC-AGGTCTGAC-AA
~TGAGACAGGGAGGTAGTGACAATAAATAACAATGCCGGGGT TT———~AACTCTGGC-AA
—TGAGACAGGGAGGTAGTGACAATAAATAACAATGCCAGGAT TT~~—~AACTCTGGC-AA
~TGACACGGGGAGGTAGTGACAATAAATAACAATGCCGRGGT TT——AACTCTGGC-AA
—~TGACATAGRGAGETAGTGACAATARATAACAATGCTAGGCT TTTA—AAGTCCGGO—AA
~TAAAGCAGGGAGGTAGTGACAAGAAATACCGATGTCGOGTGACTT—AATGTCGOCCA
~TGACACAGGGAGGTAGTGACGATTAATAACAATGTCGBGTCTTTT—TGATCTGAC-AA
—~TGACACAGGGAGGTAGTGACAATAAATAAGAATGCCGGGCCTTTCTTAGGTCTGGC-AA
GCGAAAGCCT(‘ACGGAGCAAGGCCGCGTGAGGGAGGAAGGTCTTTGGATTGTAAACCTCT
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TTGGAATGAGTAGAATT—TAAATCG
TI'GGAATGAGTTAAGTA—-TAAACCC
TTGGAATCAGAACAATT—TAAN
TTGGAATGAGTAGAMTGGTAA’ITCCAGCTCCAATAGCGTATATTAAAGTTGTT GCGGTT
TTGGAATGAGTAGAATT—TAAA
TTGGAATGGATAGAATT—-—TAAACCC
TTGGAATGAGTAGAATT—TAAACCC
TTGGAATGAGTAGAAT T—CAAATCC
TTGGAATGAGCTAACTC—TAAACATG
TTGGAATGAGTACAATC—TAAACAA
TTGOAATGAGTAGAACC—TAAACA:
TTGGAATGAGTACAATC~—TAAATC:
TTGGAATGAGTACAATC—TAAATC:
TTGGAATGAGTACAATC—TAAACG
TTGGAATGAGTACAATC—TAAACC
TTGGAATGAGTACAATT—TAAATG
TTGGAATGAGAACAATT—~TAAATC
TTGGAATGAGAACAATT—TAAATC:
TTGGAATGAGAACAATT—TAAATC:
TTGGAATGAGACAATT—TARATG
TTGGAATGAGAACAATT—TAAATC
TGAGGAGAATT—TAAAACC:

CC:
TTTCTCAAGGAAGAAGT TCTGACGBTACTT-—GAGGAATCAGCCTCGGCTAACTCCGTGE
*k *

~~CTTTACGAGTA
—~CTTTACAAGTA
~—CTTATCGAGTATCAATTGG
AACCTTTATGAGTATCAAT TGGAGGGCAAGTCT! GGTGCCAGCAGOCGCGGTAATTCCAGC
—-CTTTACGAGTACCAAT TGGAGGGCAAGTCTGGOCCC—m
—--~TTTATGAGTATCGATTGGAGGGCAAGTCTGGTGOCAGCAGCCGCGGTAATTCCAGC
w-CTTTATGAGTATCN\TTGGAGGGCAAGTCTGGTGCCAGCAGGCGCGGTAATTCC-AGC
~~CTTTACGAGTATCGATTGGAGGGCAAGTCTGGTGOCAGCAGCCGOGRTA
—~~TTGGTGAGTATCAATTGGAGGGCAAGTCTGGGCCCCACAA

—CCTTAACGAGGATCCA GBGCAAGTCTGGTGCC—
—CCTTAACGAGGATCCAT TGGAGGGCAAGTCTGGCCOCCCOCCACCOAA————
—CCTTAAGGAGGATCAATTGGAGGGCAAGTCTG
—(CT TAACGAGGATCAATTGGAGGGCAAGT CTGGT GO e
—(CTTAACCAGGATCCATTGGAGGGCAAGTCTGRGCCCGGCAGCC
—CCTTATCGAGTATCAATTGGAGGGRCAAGTCTAGTGCC—
~~CCTTATCGAGGATCAAT TGGAGGGCAAGTCTGGGCC
~—CCTTATCGAGGATCAAT TCCAGGGCAAGTCTAGT GO0 e
—CCTTATOGAGGATCAATTGGAGGGCAAGTCTGGTGOCCAGCAGCC—
~—CCTTATOGAGGAACCATTGGAGGGCAAGTCTGGTGOC-AGCAGCCA—
~-GTTACCGAGGATCAATTGGAGGGCAAGT CTGGGCCCAGCAGCCGCGGTAATTCCAGC
-—CGCTATCGAGGATCAAT TGGAGGGCAAGGGTTGTGTGGCTTATTCTCACATTGTGAGA
——CCTATCGAGGATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAAT TCCAGC
CAGCAGCCGLGRTAATACGGGGBAGGCAAGCETTATCCRGAATTATTGEECGTAAGCGT

*

TCCAATAGCGTA
TOCAATAGCGTAT:
TCGA

TCCAATAGC:
AAGAGTCGTTTAGCCTTTAATGATTAATGA
TCUAATAGCGTATATTARAGT TGTTGCAGT TAAAAAGCTCGTAGTTGGAT TTCTGGCTGG
CCGCAGGTGGT-

Fig. 2. Continued
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Fig. 2. Sequence alignment of 24 microalgae including harmful
dinoflagellates obtained from a partial portion of SSU
region. A hyphen represents a gap. An asterisk repre-
sents an identical sequence on vertical lines. Sequences
have been deposited in GenBank (accession numbers
DQB887490-DQ887514).

Prorocentrales (P. balticum, P. minimum, P. triestinum, and
P. micans) than to the order Gymnodiniales, which was
supported by an extremely strong bootstrap value of 100%
in NJ and parsimony analyses (Fig. 4). Although the se-
quences of Gymnodiniales retrieved from GenBank data-
base were added, the topology of the phylogenetic trees
was similar to the clusting pattern that C. polykrioides had
when joined to P. micans (Fig. 5a). This indicates that C.
polykrikoides is located far away in term of genetic dis-
tances from other species belonging to the order
Gymnodiniales and formed a slightly different cluster. It
was fragmented, with C. polykrikoides and P. micans in close
relationship to Gymnodiniales (bootstrap >90% in NJ and
parsimony analyses, Fig 5a). To better illustrate the rela-
tionships within this group, we performed a branch and
bound search on a broad data set consisting of P. balficum,
P. trietinum, and P. minimum retrieved from the GenBank
database. The resulting phylogenetic tree was shown in
Fig. 5b. The order Prorocentrales displayed a strong sister-
ship relationship (98/95 bootstrap support in NJ and parsi-
mony analyses) with the family Gymnodiniaceae. There is
strong support for C. polykrikoides being placed in the same
branch as Gymnodiniaceae and being connected in a clade
with P. micans among Prorocentrales.

Discussion

C. polykrikoides
Dinoflagellates used in this study are annually occurred
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Fig. 3. PHYLIP analysis based on the class of 30 species obtained
from GenBank database including microalgae used in
this study. Phylogram was constructed by inferring from
nucleotide sequences of partial SSU region. The tree was
obtained using subprogram NEIHGBOR in PHYLIP with
the option of Kimura's two-parameter method. The tree
was rooted using Microcystis aeruginosa FC-070. The num-
bers shown on branches, which represent bootstrap val-
ues for 100 replications, were obtained from using the
subprogram CONSENSE. Numbers at the nodes refer to
the percentage (>50%) of bootstrap support in NJ and
parsimony analyses. Bootstrap of <50% represents a hy-
pen on node. CY, cyanobacteria, BAN, bangiophyceae,
RA, raphidophyta, PR, prasinophyceae, ME, meso-
stigmaviride, BA, bacillariophyceae, CH, chlorophyceae,
HA, haptophyceae, DI, dinophyceae, CR,.cryptophyceae.

and bloomed in Korean coastal waters up to present [30].
Among them, three species of C. polykrikoides, G. im-
pudicum, and G. catenatum appear simultaneously during
the summer season, but it is easy to misidentify them un-
der a light microscope because of their similar morpho-
logical features [5,6]. Cho [5,6,7] have analyzed gene se-
quences based on ITS region and determined that the three
species were genetically different. The genetic distance be-
tween C. polykrikoides and G. impudicum/G. catenatum based
on S5U in this study was also similar to the result obtained
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Fig. 4. PHYLIP analysis based on the order of 30 species ob-
tained from GenBank database including harmful
dinoflagellates. Phylogram was constructed by inferring
from nucleotide sequences of partial SSU region. The
tree was obtained using subprogram NEIGBOR in
PHYLIP with the option of Kimura’s two-parameter. The
topology represents the consensus tree from a heuristic
search yielding two equally most parsimonious. The tree
was rooted using Microcystis aeruginosa FC-070. The
numbers shown on branches, which represent bootstrap
values for 100 replications, were obtained from using the
subprogram CONSENSE. Numbers at the nodes refer
to the percentage (>50%) of bootstrap support in NJ and
parsimony analyses. Bootstrap of <50% represents a hy-
pen on node. CY, cyanobacteria, HA, haptophyceae, DI,
dinophyceae, UC, unclassified, PE, peridiniales, NO,
noctilucales, GY, gymnodiniales, Di, dinophysiales, PR,
prorocentrales, GO, gonyaulacales.

from the ITS region and revealed that the genetic di-
vergence between them was higher in C. polykrikoides.
Subsequently, this present study reestablished that C. poly-
krikoides has a clear and distinct genetic position related to
G. impudicum and G. catenatum. However, the three species
were found to be members of Dinophyceae and
Gymnodiniales and even Gymnodiniaceae (Fig. 3, 4, 5a),
but did not belong to the same genus. Phylogenetic analy-
sis of the present SSU also strongly supported their mem-
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bership between C. polykrikoides and G. impudicum/G.
catenatum.

The typical different character between C. polykrikoides
and the genus Gymnodinium on the basis of morphological
features reveals that a girdle in C. polykrikoides makes
1.8-19 turns around the cell [18], whereas cingular dis-
placement is less than one-fifth of the cell's body length
for Gymmodinium [8,22,52]. This study suggests that mem-
bers' of Gymnodiniaceae should not genetically exclude C.
polykrikoides. An important factor to consider is that C. pol-
ykrikoides does not transfer to the genus Gyrodinium, but to
the genus Gymnodinium, although the identification of
Gymnodinium and Gyrodinium genera is very confusing
based on their morphological features [20,40,43,44]. Tt is
well known that a taxonomical tool to distinguish between
the two genera is the degree of displacement of the cing-
ulum separating the epicone and hypocone. Specifically,
cingular displacement must be less than one-fifth of the
cell's body length for Gymmodinium and greater than
onefifth of the body length for Gyrodinium [22]. Taylor [48]
suggested that phylogenetic placement of Cochlodinium in-
ferred from morphological features was branched from
Gyrodinium. However, our present molecular data showed
that genetic divergence between C. polykrikoides and
Gyrodinium was higher than that of C. polykrikoides and
Gymndinium. We also discovered a stronger phylogenetic
relationship between C. polykrikoides and Gymmodinium,
which was genetically closely related to Gymnodinium.

Some researchers have suggested that the origin of the
paralytic shellfish poisoning (PSP)-toxin producing dino-
flagellate, Alexandrium, was the result of a process and fac-
tors intrinsic to the species [1,24]. Kodama [33] suggested
that the origin of the toxin production was associated with
undergoing the process of mobile genes caused by
bacteria. At present, the inheritance of plastids in most eu-
karyotic phytoplankton has been obtained by incorporating
them into a eukarytotic host cell via an endosymbioses
[12,28,34,36,49]. In this role, endosymbiotic-origin hypoth-
esis is perhaps the pacemaker in explaining the toxin pro-
duction origin of Alexandrium. According to a recent study
by Jeong [26,27], some harmful dinoflagellates could ex-
cessively feed on cyanobacteria in the field and laboratory.
Among them, G. catenatum, G. impudicum, P. minimum, H.
triquetra, and P. micans including C. polykrikoides were used
in this study and are also able to ingest cyanobacteria as
described by Jeong [26,27]. On the basis of these inter-
actions, the genetic structure in mixotrophic dinoflagellates
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Fig. 5. PHYLIP analysis of harmful dinoflagellates obtained
from GenBank database. A, phylogenetic analysis of 16
species within the family Gymnodiniaceae and
Claciodiniellaceae and Prorocentrum, B, phylogenetic
analysis of 10 species within the family Gymnodiniaceae
and Prorocentrum. Phylogram was constructed by infer-
ring from nucleotide sequences of partial SSU region.
The tree was obtained using subprogram NEIGBOR in
PHYLIP with the option of Kimura's two-parameter.
The topology represents the consensus tree from a heu-
ristic search yielding two equally most parsimonious.
The tree was rooted using Microcystis aeruginosa FC-070.
The numbers shown on branches, which represent boot-
strap values for 100 replications, were obtained from
using the subprogram CONSENSE. Numbers at the no-
des refer to the percentage (>50%) of bootstrap support
in NJ and parsimony analyses. Bootstrap of <50% repre-
sents a hypen on node. CY, cyanobacteria, GY, gymno-
diniaceae, PR, prorocentrum, CL, claciodiniellaceae, FC-
070, Microcystis aeruginosa, D-97, Gyrodinium aureolum,
D-19, Amphidinium caterae, D-008, Prorocentrum micans,
YS2004, Cochlodinium polykrikoides, D-99, Gymnodinium
catenatum, AF352822, Karenia brevis, D-85, Gyrodinium
impudicum, AF022194, Gymnodinium fuscum, AB120001,
Gyrodnium spirale, D-009, Heteroscaps triquetra, AJ415515,
Scrippsiella trochoidea, AF022195, Gymnodinium mikimotoi,
AY800130, Takayama pulchellum, AF272049, Gymnodinium
galatheanum, AJ415513, Akashiwo sanguines, AB183673,
Prorocentrum  triestinum, D-71, Prorocentrum balticum,
AJ415520, Prorocentrum minimum.

may lead to the possible existence of gene transfer over
time and could lead to an independent evolutionary
lineage. However, our current molecular data show that
mixotrophic harmful dinoflagellate taxa are not randomly
distributed in the class, order, and family, inferring phylo-
genetic relationships. Moreover, tested dinoflagellates
which are isolated from seawater do not show phyloge-
netic relationships with the species obtained from estuary
and freshwater. This study strongly suggests that the SSU
genes in mixotrophic dinoflagellates remain to be con-
served, even through successive generations.

Evolution

Several classical taxonomists suggested that armored
Dinophyceae was differentiated from unarmored species
based on evolutionary lineage [10,14,38,48]. Likewise, our
study shows that unarmored species belonging to
Gymnodiniales have a different cluster with thecate species
(Dinophysiales, Noctilucales, Gonyaulacales, Peridiniales,
and Prorocentrales). These unarmored species are sup-
ported by a weak bootstrap, as revealed by the analysis of
Nj and parsimony (Fig. 4). However, four species of
Prorocentrum (P. balticum, P. minimum, P. triestinum, and P.
micans) have a cluster with Gymnodiales instead of arm-
ored species. This indicates that current molecular data do
not support a specific DNA signature to completely dis-
tinguish between the phylogenetic relationship between
unarmored and armored species, as suggested in a similar
study by Grzebyk [15]. Grzebyk [15] suggested that
Prorocentrum based on DNA sequences is separated into
two types, the first being symmetrical morphology and
benthic behavior, the second being asymmetrical morphol-
ogy and planktonic behavior. This study was also similar
in that benthic P. lima joined armored species, not plank-
tonic Prorocentum. Since planktonic Prorocentum is consid-
erably different from benthic Prorocentum based on eco-
logical behavior and our current phylogenetic relationship,
this study also suggests that it is desirable for two differ-
ent-type Prorocentrum to have separate genus, as pre-
viously described by Zardoya [56] and Grzebyk [15].

Loeblich [37,38] and Taylor [48] suggested that armored
species represented a more primitive state than unarmored
species. However, our study strongly suggested that plank-
tonic Prorocentrum among armored species contained a
more advanced genetic characteristics than armored dino-
flagellates and even benthic Prorocentrum. Comparison of
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sequence divergence for planktonic Prorocentrum showed
that it was far from Gymnodinium, indicating that plank-
tonic Prorocentrum formed a genetically primitive state to
construct the cluster of.Gymnodinium throughout the evolu-
tionary lineage. As can be seen in Fig. 3 and 4, the phylo-
genetic position of C. polykrikoides always formed an in-
dependent branch -separated from other dinoflagellates.
However, C. polykrikoides had a relatively long branch sug-
gesting an early divergence of this species. It also sug-
gested a closer evolutionary relationship with P. micans
than that of Gymnodinium, which was strongly supported
by bootstrap (Fig. 5a). Based on phylogenetic distance, P.
micans was close to P. balticum, P. minimum, and P. triest-
nium (Fig. 5b) and somewhat far from C. polykkrikoides and
Gymnodinium. In this role, it is assumed that P. micans may
be seen as the ancestor of Gymnodinium, whereas C. poly-
krikoides represents an intermediate position between P. mi-
cans and Gymmodinium (Fig. 6). Cochlodinium recorded a
higher level in the analysis of dinoknot/desmokont organ-
ization [48], but recorded a lower level based on evolu-
tionary relationship and lineage. Consequently, C. poly-
krikoides showed contradictory results obtained from mor-
phology and molecular phylogeny. However, more data
are required to test these relationships.

Acknowledgements

This work is funded by a grant from the National Fisheries
Research and Development Institute (RP-06-FR-013).

References

1. Anderson, D. M. 1990. Toxin variability in Alexandrium

10.

11.

12.

13.

Journal of Life Science 2007, Vol. 17. No. 11 1461
species. pp. 41-51, In Graneli, E., B. Sundstrom, B. Edler
and D. M. Anderson (eds.), Toxic marine phytoplankton,
Elsevier, New York.

Asahida, T., T. Kobayashi, K. Saitoh and 1. Nakayama.
1996. Tissue preservation and total DNA extraction from
fish stored at ambient temperature using buffers contain-
ing high concentration of urea. Fish Sci. 62, 727-730.
Cachon, J., T. Berman and N. Cohen. 1987. Parasitic
dinoflagellates. pp. 571-610, In Taylor, F. J. R. (ed.), The
biology of Dinoflagellates, Blackwell Scientific Publications,
Oxford. ‘

Cho, E. S, C. 5. Kim, 5. G. Lee and Y. G. Chung. 1999.
Binding of alcian blue applied to harmful microalgae
from Korean coastal waters. Bull. Nat. Fish. Res. Dev.
Agency 55, 133-138.

Cho, E. S, G. Y. Kim and Y. C. Cho. 2001. Molecular
analysis of morphologically similar dinoflagellates
Cochlodinium .. polykrikoides, Gyrodinium impudicum and
Gymnodinium’ catenatum based internal transcribed spacer
and 585 rDNA regions. Algae 16, 53-57.

Cho, E. S, G. Y. Kim, B. D. Choi, L. L. Rhodes, T. ]. Kim,
G. H. Kim and J. D. Lee. 2001. A comparative study of
the harmful dinoflagellates Cochlodinium polykrikoides and
Gyrodinium impudicum using transmission electron micro-
scopy, fatty acid composition, carotenoid content, DNA
quantification and gene sequences. Bot. Mar. 44, 57-66.
Cho, E. S, G. Y. Kim, H. S. Park, B. H. Nam and ]. D.
Lee. 2001. Phylogenetic relationship among several
Korean coastal red tide dinoflagellates based on their
rDNA internal transcribed spacer sequences. Kor. . Life
Sci. 11, 74-80.

Daugbjerg, N., G. Hansen, ]. Larsen and O. Moestrup.
2000. Phylogeny of some of the major genera of dino-
flagellates based on ultrastructure and partial LSU rDNA
sequence data, including the erection of 3 new genera of
unarmoured dinoflagellates. Phycologia 38, 302-317.

de Salas, M. F., C. J. S. Bolch, L. Botes, G. Nash, S. W.
Wright and G. M. Hallegraeff. 2003. Takayama gen. nov.
(Gymnodiniales, Dinophyceae), a new genus of un-
armored dinoflagellates with sigmoid apical grooves, in-
cuding the description of two new specices. ]. Phycol. 39,
1233-1246.

Dodge, ]. D. 1984. Dinoflagellate taxonomy. pp. 17-42, In
Spector, D. L. (ed.), Dinoflagellate, Academic Press, New
York.

Dodge, J. D. 1989. Phylogenetic relationships of dino-
flagellates and their plastids. pp. 207-227, In Green, J. C,,
B. S. C. Leadbeater and W. L Diver (eds.), The chromophyte
algae: problems and perspectives, The Systematics Association
special volume no. 38, Clarendon Press, Oxford.
Falkowski, P. G, M. E. Katz, A. H. Knoll, A. Quigg, J. A.
Raven, O. Schofield and F. J. R. Taylor. 2004. The evolu-
tion of modern eurkayotic phytoplankton. Science 305,
354-360.

Felsenstein, J. 1993. PHYLIP (Phylogeny Inference
Package) version 3.5c. Department of Genetics, University



1462

14.

15.

16.

17.

18.

19.

20.

21.

23.

24,

25.

26.

27.

BBALRIX| 2007, Vol. 17. No. 11

of Washington, Seattle.-

Fensome, R. A, F. ]. R Taylor, G. Norris, W. A. S.
Sarjeant, D. I. Wharton and G. L. Williams. 1993. A classi-
fication of living.and fossil dinoflagellates. pp. 351, Micropa-
leontological Species Publication.

Grzebyk, D., Y. Sako and B. Berland. 1998. Phylogenetic
analysis of nine species of Prorocentrum (Dinophyceae) in-
ferred from 18S. ribosomal DNA sequences, morpho-
logical comparisons, and descrition of Prorocentum pan-
ameysis, sp. nov. J. Phycol. 34, 1055-1068.

Guillard, R. R. L. and ]. H. Ryther. 1962. Studies of ma-
rine planktonic diatoms 1. Cyclotella nana Hustedt, and
Detonula confervacen (Cleve) Gran. Can. ]. Microbiol. 8,
29239, o '

Hackett, ]J. D, L. Maranda, H. S. Yoon and D.
Bhattacharya. 2003. Phylogenetic evidence for the crypto-
phyte origin of the plastid of Dinophysis (Dinophysiales,
Dinophyceae). J. Phycol. 39, 440-448.

Hallegraeff, G. M., D. M. Anderson and A. D. Cembella.
1995. Manual on harmful marine microalgae. pp. 551, 10C
Manuals and Guides No. 33. UNESCO, Paris.

Hansen, G, N. Daugbjerg and P. Henriksen. 2000.
Comparative study of Gymnodinium mikimotoi and
Gymnodinium aureolum, comb. Nov. (=Gyrdinium aureolum)
based on morphology, pigment composition, and molec-
ular data. J. Phycol. 36, 394-410.

Hansen, P. J. 1995. Growth and grazing response of a cil-
iate feeding on the red tide dinoflagellate Gyrodinium aur-
eolum in monoculture and in mixture with a nontoxic
alga. Mar. Ecol. Prog. Ser. 121, 65-72.

Harper, J. T. and P. J. Keeling. 2003. Nucleus-encoded,
plastid-targeted glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) indicates a single origin for chromalveolate
plastids. Mol. Biol. Evol. 20, 1730-1735,

Hulburt, E. M. 1957. The taxonomy of unarmored
Dinophyceae of shallow embayments of Cape Cod,
Massachusetts. Biol. Bull. 112, 196-219.

Innis, M. A., D. H. Gelfamd, J. J. Sninsky and T. J. White.
1990. PCR protocls a guide to methods and applications. pp.
322, Academic Press.

Ishida, Y., C. H. Kim, S. Yoshihiko, H. Nobuyasu and U.
Aritsume. 1993. PSP toxin production is chromosome de-
pendent in Alexandrium spp. pp. 881-887, In Smayda, T.
J. and Y. Shimizu (eds.), Toxic marine phytoplankion,
Elsevier, New York.

Jeffrey, 5. W. 1989. Chlorophyll ¢ pigments and their dis-
tribution in the Chromophyte algae. pp. 13-36, In Green,
J. C, B. 5. C. Leadbeater and W. I. Diver (eds.), The chro-
mophyte algae: problems and perspectives, The Systematics
Association special volume no. 38, Clarendon Press,
Oxford.

Jeong, H. ], J. Y. Park, J. H. Nho, M. O. Park, J. H. Ha,
K. A. Seong, C. Jeng, C. N. Seong, K. Y. Lee and W. H.
Yih. 2005. Feeding by red-tide dinoflagellates on the cya-
nobacterium Synechococcus. Aqua. Micro. Ecol. 41, 131-143.
Jeong, H. J., Y. D. Yoo, J. S. Kim, T. H. Kim, ]. H. Kim,

28.

29.

30.

31.

32.

33.

4.

35.

36.

37.

38.

39.

40.

41.

42,

N. S. Kang and W. H. Yih. 2004. Mixotrophy in the pho-

totrophic harmful alga  Cochlodinium  polykrikoides
(Dinophycean): prey species, the effects of prey concen-
tration, and grazing impact. ]. Eukaryot. Microbiol. 51,
563-569.

Keeling, P. J, J. M. Archibald, N. M. Fast and ]. D.
Palmer. 2004. The evolution of modern eukaryotic
phytoplankton. Science 306, 219-220.

Kim, C. S, S. G. Lee and H. G. Kim. 2000. Biochemical
responses of fish exposed to a harmful dinoflagellate
Cochlodinium polykrikoides. ]. Exp. Mar. Biol. Ecol. 254,
131-141.

Kim, H. G,, S. G. Lee and K. H. An. eds. 1997. Recent red
tides in Korean coastal waters. pp. 280, Kudeok Publishing,
Busan.

Kim, S. H, K. Y. Kim, C. H. Kim, W. S. Lee, M. Chang
and J. H. Lee. 2004. Phylogenetic analysis of harmful al-
gal bloom (HAB)-causing dinoflagellates along the
Korean coasts, based on SSU rRNA gene. | Microbiol.
Biotechnol. 14, 959-966.

Kimura, M. 1980. A simple method for estimating evolu-
tionary rate of base substitution through comparative
studies of nucleotide sequences. . Mol. Evol. 116, 111-120.
Kodama, M. 1990. Possible links between bacteria and
toxin production in algal blooms. pp. 52-61, In Graneli,
E., B. Sundstrom, L. Edler and D. M. Anderson (eds.),
Toxic marine phytoplankton, Elsevier, Amsterdam.
Koumandou, V. L., R. E. R. Nisbet, A. C. Barbrook and
C. J. Howe. 2004. Dinoflagellate chloroplasts- where have
all the genes gone? Trends in Genetics 20, 261-267.

Lee, S. G, J. S. Park and H. G. Kim. 1993. Taxonomy of
marine toxic flagellates occurring in the southern coastal
waters of Korea. Bull. Nat. Fish. Res. Dev. Agency 48, 1-23.
Lenaers, G.,, L. Maroteaux, B. Michot and M. Herzog.
1989. Dinoflagellates in evolution. A molecular phyloge-
netic analysis of large-subunit ribosomal RNA. J. Mol
Evol. 29, 40-51.

Loeblich, A. R. 1976. Dinoflagellate evolution: speculation
and evidence. J. Proto. 23, 13-28.

Loeblich. A. R. 1984. Dinoflagellate evolution. pp. 481-522,
In Spector, D. L. (ed), Dinoflagellate, Academic Press,
New York.

Park, J. G.. and Y. S. Park. 1999. Comparison of the mor-
phological characteristics and the 245 rRNA sequences of
Cochlodinium polykrikoides and Gyrodinium impudicum. The
Sea 4, 363-370.

Partensky, F., D. Vaulot, A. Coute and A. Sournia. 1988.
Morphological and nuclear analaysis of the bloom-forming
dinoflagellates Gyrodinium cf. aureolum and Gymnodinium
nagasakiense. ]. Phycol. 24, 408-415.

Saitou, N. and M. Nei. 1987. The neighbor-joining meth-
od: A new method for reconstructing phylogenetic trees.
Mol. Biol. Evol. 4, 406-425.

Santos, S. R, D. J. Taylor, R. A. Kinzie, M. Hidaka, K.
Sakai. and M. A. Coffroth. 2002. Molecular phylogeny of
symbiotic dinoflagellates inferred from partial chloroplast



43.

45.

46.

47.

49,

50.

large subunit (235) rDNA sequences, Mol. Phylo. Evol. 23,
97-111.

Takayama, H. and R. Adachi. 1984. Gymnodinium nagasa-
kiense sp. nov., a red-tide blooming dinophyte in the ad-
jacent waters of Japan. Bull. Plank. Soc. Jpn. 31, 7-14.
Takayama, H. and K. Matsuoka. 1991. A reassessment of
the specific characters of Gymnodinium mikimotoi Miyake
et Kominami et Oda and Gymnodinium nagasakiense
Takayama et Adachi. Bull. Plank. Soc. Jpn. 38, 53-68.
Takishita, K., K. Ishida, M. Ishikura and T. Maruyama.
2005. Phylogeny of the psbC gene, coding a photosystem
Il component CP43, suggests separate origins for the peri-
dinin- and fucoxanthin derivative-containing plastids of
dinoflagellates. Phycologia 44, 26-34.

Takishita, K, K. Ishida and T. Maruyama. 2004.
Phylogeny of nuclear-encoded plastid-targeted GAPDA
gene supports separate origins for the peridinin- and the
fucoxanthin derivative-containing plastids of dinoflagellates.
Protist 155, 447-458,

Takishita, K., M. Ishikura, K. Koike and T. Maruyama.
2003. Comparison of phylogenies based on nuclear-en-
coded SSU rDNA and plastid-encoded psbA in the sym-
biotic dinoflagellate genus Symbiodinium. Phycologia 42,
285-291.

Taylor, F. J. R. 1980. On dinoflagellate evolution. Biosystems
13, 65-108.

Taylor, F. ]. R. 1979. Symbionticism revisited: a discussion
of the evolutionary impact of intracellular symbioses.
Proc. R. Soc. Lond. B. 204, 267-286.

Taylor, F. J. R. 1985. The taxonomy and relationships of
red tide dinoflagellates. pp. 11-26, In Anderson, D. M., A.
W. White and D. C. Baden (eds.), Toxic Dinoflagellates,
Elsevier, New York.

51,

52,

53,

54,

35.

56.

57.

58.

Journal of Life Science 2007, Vol. 17. No. 11 1463

Thomson, J. D, D. G. Higgins and T. J. Gibson. 1994.
Clustal W: improving the sensitivity of progressive multi-
ple sequences alignment through sequence weighting,
positin-specific fap penalties and weight matrix ch01ce
Nucleic Acids Res. 22, 4673-4680.

Yang, Z. B, H. Takayama, K. Matsuoka and I J.
Hodgkiss. 2000. Karenia digitata sp. nov. (Gymnodiniales,
Dinophyceae), a new harmful algal bloom species from
the coastal waters of west Japan and Hong Kong.
Phycologia 39, 463-470.

Yoon, H. 5, J. D. Hackett and D. Bhattacharya. 2002. A
single origin of the peridinin- and fucoxanthin-containing
plastids in dinoflagellates through tertiary encosymbiosis.
Proc. Natl. Acad. Sci. USA 99, 11724-11729.

Yoon, H. 5., J. D. Hackett, C. Ciniglia, G. Pinto and D.
Bhattacharya. 2004. A molecular timeline for the origin of
photosynthetic eukaryotes. Mol. Biol. Evol. 21, 809-818.
Yoon, H. S., ]. D. Hackett, G. Pinto and D. Bhattacharya.
2002. The single, ancient origin of chromist plastids. Proc.
Natl. Acad. Sci. USA 99, 15507-15512.

Zardoya, R, E. Costas, V. Lopez-Rodas, A. Garrido-
Pertierra and ]J. M. Bautista. 1995. Revised dinoflagellate
phylogeny inferred from molecular analysis of large-sub-
unit ribosomal RNA gene sequences. J. Mol. Evol. 41,
637-645.

Zhang, 7., T. Cavalier-Smith and B. R. Green. 2001. A
family of selfish minicircular chromosomes with jumbled
chloroplast gene fragments from a dinoflagellate. Mol.
Biol. Evol. 18, 1558-1565.

Zhang, Z., B. R. Green and T. Cavalier-Smith. 1999. Single
gene circles in dinoflagellate chloroplast genome. Nature
400, 155-159.

X5 : {FXIAY Cochlodinium polykrikoides MEME0| FEE x5l U EM
24" - ME
FEeARgd Faaad 1)
2 At A4 AR EQ Cochlodinium polykrikoidesS] 447 AEASE Agsls] A5t 24 £9] 7 )
3 SSUS o2 E4ATh C polykrikoidese AR Z5H9 948 T ASZS 8431 Yk Neighbor-
joining 2.2 parsimony #{¢l| 9]3l® C. polykrikoidest= Gymnodiniales Bt} Prorocentrals & (order)o] 84

24T 100% FARAE Holn
Prorocentrum micans$}v= wj$- QA3 AA =

FTUEAQ Aoz B,

gon, # (family)z EAMs) B Gymnodiniaceaed] &3 1, E3
ROl It} FelH o2 E Gyrodinium < (genus)d] mgz} &
HA o2& Gymnodinium 40} 2R3 Yt} C. polykrikoides= FARZE FolH EPH AZEE

Rt wEtA) P micanses Gymnodiniume] 24 0.2 25w, C polykrikoidest P. micans<} Gymnodlmum 9]

AL



