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Abstract

In order to measure the inter- and intraspecific genetic divergences within the genus Alexandrium, the variations within
the internal transcribed spacer (ITS1 and ITS2) regions and 5.8 ribosomal RNA gene of eight Alexandrium species were
examined for 33 strains from diverse geographical locations by direct sequencing. Five isolates of A. tamarense (AT-2,
AT-6, AT-10, AT-A and AT-B) from Jinhae Bay, Korea were found to be completely identical to a Japanese strain
OFX151-A. The length of the amplified ITS1-5.85-1TS2 region varied from 481 nucleotides (in A. margalefi) to 528
nucleotides (in A. affine CU1-1). ITS1 and ITS2 nucleotide lengths were negatively correlated, whereas a positive
correlation was found between their G+C content. The degree of sequence divergence ranged from 0.3% (1 bp) to a
maximum of 53% (305 bp). Pairwise sequence comparisons revealed a small degree of divergence between A. tamarense
and A. fundyense isolates (1.2 - 2.3% = 6-12 bp), but a high degree of divergence between A. tamarense and A. catenella
(19.8% = 102 bp), and between A. catenella and A. fundyense (19.7%). Although most nodes were weakly supported by
bootstrap values, some types tend to form independent molecular groups. A. catenella isolates also formed an
independent molecular sub-group, with relatively strong bootstrap values (94% or 85% and 79% or 98%, respectively in
PAUP and N]J trees). Interestingly, A. cohorticula and A. frateculus always clustered within the same sub-group, this
result being supported by strong bootstrap values. Our results indicate that the ITS regions provide useful informations
on hierarchical population genetic structure and a high phylogenetic resolution in intraspecific and interspecific
Alexandrium population.
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Introduction

The genus Alexandrium is distributed widely in cold
temperate waters and is consisted of as many as 30
species to date. This genus is linked to paralytic shellfish
poisoning (PSP) events throughout the world [18,30]. In
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Korea, A. tamarense also produces toxins responsible for
PSP in coastal waters. PSP contaminated mussels and
oysters has a serious impact on shellifish farmers and the
trade of marine products [10]. As Alexandrium species are
primarily identified on the basis of fine-scale morpho-
logical features [15], their taxonomy still presents consid-
erable difficulties owing to their high variability and
polymorphism at different sampling sites, and even in

cultures [9,25,26]. Moreover, criteria used to classify these
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species differ by taxonomists|[7,15,31,34]. Currently molec-
ular methods have been extensively employed in phylo-
genetic and taxonomic studies of the genus Alexandriumi,
using a variety of molecular techniques based on gen-
omic variation, such as restriction fragment length poly-
morphism (RFLP) analysis 1 and DNA sequence analysis
of various ribosomal regions [7,28,29].

Ribosomal RNA genes are tandemly repeated mul-
tigene familes containing both genic and nongenic, or
spacer regions. Each repeat unit contains a copy of the
185, 5.85, and 285 tDNA and an intergenic spacer (IGS).
The 5.85 rDNA gene is typically flanked by a bipartite
internal transcribed spacers (ITS), the ITS1 and ITS2,
which separates the 585 rDNA from the 18S and 285
genes, respectively. The nuclear rRNA genes, and the
more rapidly evolving internal spacer regions, are attrac-
tive candidates for genetic markers at higher and lower
taxonomic levels[19]. The ITS regions are generally con-
sidered to be under low functional constraint, and are
treated as typical non-functional spacer sequences[16].
Adachi et al. suggested that the ITS regions from
Alexandrium were contributed to provide reliable infor-
mation concerning intra- and inter-specific variation and
phylogeny[1-3]. We previously have attempted to de-
termine the extent of genetic variations among various
harmful dinoflagellates of the Korean coastal waters
using molecular phylogenetic analysis of the ITS regions
[11-13, 22]. We also showed the important role played by
the ITS region sequences as a taxonomic tool for deter-
mining the phylogenetic relationship between morpho-
logically similar Gyrodinium impudicum and Gymmnodinium
catenatum|22].

A recent study showed that the toxin content of five
strains of A. tamarense showed a significant difference
among five strains isolated from the same seawater
sample[10]. Unfortunately, DNA sequence data are not
available for any isolate until now. The purpose of this
study is to assess the phylogenetic relationships among
different isolates of the genus Alexandrium, with a special

focus on the generic concept through the comparison of
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various geographic samples of A. tawmarense obtained
from Korea, Japan and United States. We also attempted
to assess the usefulness of the ITS regions as a genetic
marker for Alexandrium species by sequencing five iso-
lates of A. tamarense collected from Korea and compared
our molecular data with GenBank-registered sequences of
several species of Alexandrium (including various geo-
graphic samples of A. tamarense) originating from several

areas of the world.

Materials and Methods

Cultures

Five A. tamarense isolates (AT-2, AT-6, AT-10, AT-A
and AT-B) were isolated from red tide waters in the
Jinhae Bay, Korea, on February, 1997. All isolates were
grown in £/2-Si[17] and were incubated in the Harmful
Algal Culture Room, National Fisheries Research and
Development Institute at 20C and 1410 h LD (light:
dark) photoperiod.

Isolation of genomic DNA

Cultures were harvested during the exponential phase
by centrifugation. Pellets were immediately preserved at
-207C until ready to use. Approximately 0.05g of algal
pellets were suspended in 500 L of extraction buffer (100
mM Tris-HCl, pH 8.0, 40 mM EDTA), and 150 L of 10%
(w/v) sodium dodecyl sulphate (SDS), and incubated at
55T for 30 min. The supernatant was extracted twice
with phenol:chloroformiisoamylalchol (25:24:1, v/v/v) prior

to ethanol precipitation.

Amplification and sequencing

The ITS1, ITS2 and 5.85 rDNA regions of Alexandrium
species were amplified by polymerase chain reaction
(PCR) using primers[1] were derived from the conserved
regions of small sub-unit (SSU) and large sub-unit (LSU)
rDNA, respectively[2]. PCR amplifications were carried
out with Perkin-Elmer 2400 Thermocycler. PCR reactions
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lypically contained a 50 L mixture: 1.25 unit Tag DNA
polymerase (Ex Tag, TaKaRa Co. JAPAN); 1 Ex Tag
buffer (TaKaRa Co. JAPAN); 0.2 mM dNTP; 20~100 ng
lotal genomic DNA; and 100 pmol of each primer. The
thermocycling profile included an initial denaturation
step of 95°C for 30 sec, followed by 35 cycles of 30 sec
at 95°C, primer annealing for 1 min at 50~53C, and
extenstion for 5 min at 72C. Amplification products
w~ere separated electrophoretically on ethidium bromide-
stained 1.5% agarose 1 TBE gels to check the yield,
surity and length of the amplified products. Following a
surification step with QIAGEN gel elution kit (Qiagen,
Wartworth CA), all PCR products were sequenced
lirectly on the Perkin-Elmer Applied Biosystems (ABI)
377A DNA sequencer using a ABI PRISM Big Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin

Elmer), according to the manufacture’s protocol.

Moecular data analysis

The determined ribosomal DNA sequences have been
deposited in the European Molecular Biology Laboratory
(EMBL) data library (Heidelberg, FRG) and accession
numbers were indicated as follows: AT-A (AF374224),
AT-B (AF374225), AT-10 (AF374226), AT-2 (AF374227)
and AT-6 (AF374228). Sequence data were aligned using
[BI MacVector version 411 and phylogenetic analyses
were performed using both distance and parsimony
methods. PAUP (version 3.1){32] was used to infer rela-
tionships among Korean isolates of A. tamarense from
this study and related strains such as A. tamarense, A.
catenella, A. affine, A. fundyense|2], A. frateculus (GenBank
accession number AF208242), A. cohorticular (GenBank
accession number AF145224), A. taylori (Gen Bank
accession numbers AJ201785, AJ251653, AJ251654 and
AJ300451), A.
AJ251208). The multiple alignment was subjected to

margalefi (GenBank accession number

parsimony analysis conducted with PAUP (version 3.1)
[32]. Deletion/insertion was weighted equally to trans-

ition and transversion, and heuristic searches were

performed. As an alternative to the parsimony analysis,
the aligned data set was also subjected to Neighbor-
Joining (NJ) and Maximum Likehood (ML) methods of
PHYLIP (Phylogeny Inference Package, version 3.5c)[14].
The NJ algorithm was applied to a distance matrix
obtained using the Kimura two-parameter correctionf23].
As an indication of confidence in the branching order, a
bootstrap analysis (100 replications) was completed for
both distance and parsimony methods. The sequence
from the dinoflagellate Cochlodinium polykrikoides (GenBank

accession number AF208243) was used as an outgroup.

Results

ITS DNA sequences

Electrophoresis of the PCR reactions conducted on the
five A. tamarense isolates collected from Jinhae Bay (AT-
10, AT-2, AT-6, AT-A and AT-B) showed that a single
fragment was amplified in each reaction. Direct sequenc-
ing of these products confirmed their ribosomal nature
and revealed a complete similarity with the sequence of
strain A. tamarense OFX151-A collected from Ofunato Bay
(Japan). Thus, OFX151-A was regarded as the repre-
sentative of these five clones in the rest of this study.

The multiple sequence alignment of 28 isolates dis-
tributed among the species A. tamarense, A. fundyense, A.
affine, A. catenella, A. taylori, A. fraterculus, A. cohorticula,
and A. margalefi was presented in Fig. 1 and included
the sequence of C. polykrikoides as an outgroup. It reveals
considerable nucleotide variation in the ITS1 and ITS2
regions, but little variation in the 5.85 rDNA region. The
sizes of the ITS1, 5.85 rDNA and ITS2 portions of 42
different clones of Alexandrium, including those examined
in Fig. 1, were also are compared (Table 1). These data
show that the size of the ITS + 5.85 rDNA region vary
from 481 bp (in A. margalefi) to 528 bp (in A. affine).
Strains of A. tamarense, A. fundyense and A. frateculus,
however, appeared very similar in size (519 bp 520 bp).

Table 1 also indicated that these length variations
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Fig. 1. Multiple alignment of 585 rDNA region and

flanking internal transcribed spacers ITS1 and
ITS2 sequences of 28 isolates of Alexandrium.
A hyphen and a period correspond to a gap and a base
identical to that of the top sequence, respectively. ITS1
length spans from 1 to 177 bp; the 5.85 coding region
varied from 178 to 339 bp; whereas ITS2 is from 340 to
600 bp. Korean isolates of A. tamarense (AT-A, AT-B,
AT-2, AT-6 and AT-10) have the same sequence of the
Japanese A. tamarense (OFX151-A). AJ291785 is iden-
tical sequence of AJ300451, AJ251654 and AJ251653
(Genbank accession number). An isolate of A. tamarense
(OFX151-A) is identical sequence of AT-4-A, OK875-1-A,
FK-788-A, HIAI-A and HI38-A. M17 is identical seque-
nce of TNY11. The source of each sequence are as foll-
ows: OFX191-A, OFX151-A, PW06-A, 503A-A-A, FK-
788-B, AT4-B, 304A-B, OK875-1-B, HI38-B, 503A-A-B,
HIAI-B, OFX191-B, 304A-A, WKS-1 for A. tamarense 2;
GtCA29-B, GtCA29-A for A. fundyense 2; M17, OFX102,
OFY101, KO-3, TNX22 for A. catenella 2; HI, CU1-1 for
A. affine 2; AH291785 for A. taylori; AF145224 for A.
cohorticular; AF208242 for A. frateculus; AJ251208 for A.
margalefi; AF20824 for C. polykrikoides as an outgroup.

Nucletotide length of ITS2 (bp)

150 155 160 165 170 175 180
Nucleotide length of ITS1 (bp)
Fig. 2. The relationship between ITS1 and ITS2 nucleotide

length. Long dash lines represent 95% confidence
intervals.

primarily concern spacers ITS1 and ITS2, rather than the
585 rDNA portion. For example, the size of ITS1
fragment ranged from 165 bp (in A. famarense OK875-
1-A) to 174 bp (in A. affine CU1-1), whereas the length of
the corresponding 5.85 rDNA fragments only varied
from 160 bp to 162 bp. Moreover, the relationship
between the nucleotide length of ITS1 and that of ITS2
was negative, as shown in Fig. 2, whereas the rela-
tionship between their G+C content was found to be
positive (Fig. 3).

The result of the pairwise sequence comparison of the

28 isolates of Alexandrium examined in this study is

50

G+C content of ITS2 (%)

o 10 0 0 a0 50 &
G+C content of [TS1 (%)
Fig. 3. The relationship between ITS1 and ITS2 G+C cont-
ent. Long dash lines represent 95% confidence inter-
vals.
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Table 1. Nucleotide length of ITS1, ITS2 and 5.85 rDNA sequences

Species (Locality) ITS1 5.85 rDNA ITS2 Total
A. tamarense OK875-1-A (Okirai Bay, Japan)’ 165 160 194 519
A. tamarense FK-788-A (Funka Bay, Japan)’ 165 160 194 519
A. tamarense OFX191-A (Ofunato Bay, Japan)’ 165 160 194 519
A. tamarense 304A-A (Mikawa Bay, Japan)’ 165 160 194 519
A. tamarense ATA-A (Harima Nada, Japan)® 165 160 194 519
A. tamarense HIAI-A (Hiroshima Bay, Japan)’ 165 160 194 519
A. tamarense HI38-A (Hiroshima Bay, Japan)’ 165 160 194 519
A. fundyense GtCA29-A (Cape Ann, USA)’ 165 160 194 519
A. tamarense OFX151-A (Ofunato Bay, Japan)’ 165 160 194 519
A. tamarense PWO6-A (Port Benny, USA)’ 165 160 194 519
A. tamarense S03A-A-A (Mikawa Bay, Japan)’ 165 160 194 519
A. taylori AJ291785 (Vulcano, Italy) 168 160 168 496
A. taylori AJ300451 (Vulcano, Italy) 168 160 168 49
A. margalefi AJ251208 (Sicily, Italy) 156 160 165 481
A. taylori AJ251654 (Spain) 168 160 168 496
A. taylori AJ251653 (Sicily, Italy) 168 160 168 496
A. cohorticular AF145224 (Malaysia) 168 159 190 517
A. tamarense FK-788-B (Funka Bay, Japan)’ 165 160 196 521
A. tamarense OK8751-B (Okirai Bay, Japan)’ 165 160 195 520
A. tamarense AT4-B (Harima Nada, Jpan)’ 165 160 195 520
A. fundyense GtCA29-B (Cape Ann, USA)’ 165 160 195 520
A. tamarense HIAI-B (Hiroshima Bay, ]apan)2 165 160 195 520
A. tamarense OFX191-B (Ofunato Bay, Japan)’ 165 160 195 520
A. tamarense HI38-B (Hiroshima Bay, Japan)’ 165 160 195 520
A. tamarense 304A-B (Mikawa Bay, Japan)’ 165 160 195 520
A. tamarense 503A-A-B (Mikawa Bay, ]apan)2 165 160 195 514
A. catenella M17 (Harima Nada, Japan)® 167 160 189 516
A. catenella TNY11 (Tanabe Bay, Japan)’ 167 160 189 516
A. catenella OFX102 (Ofunato Bay, Japan)’ 167 160 189 517
A. catenella Y-2 (Yamakawa, Japan)’ 166 161 189 516
A. catenells OFY101 (Ofunato Bay, Japan)’ 167 161 189 517
A. catenella KO-3 (Uranouchi Inlet, Japan)’ 167 161 189 517
A. catenella TNX22 (Tanabe Bay, Japan)’ 166 162 189 517
A. tamarense WKS-1 (Kushimoto, Japan)® 167 161 192 520
A. affine H1 (Harima Nada, Japan)® 173 162 192 527
A. affine CU1-1 (Gulf of Thailand, Thailand)’ 174 162 192 528
A. tamarense AT-A* (Chinhae, Korea) AF374224 165 160 194 519
A. tamarense AT-B* (Chinhae, Korea) AF374225 165 160 194 519
A. tamarense AT-6* (Chinhae, Korea) AF374228 165 160 194 519
A. tamarense AT-2* (Chinhae, Korea) AF374227 165 160 194 519
A. tamarense AT-10* (Chinhae, Korea) AF374226 165 160 194 519
A. frateculus AF208242 (Korea) 154 160 206 520
C. polykrikoides AF208248-out' 243 160 182 585

Note: Superscript letters represent the strain used in our study. 'Species was reported in Cho et al. as molecular analysis of morphologically
similar dinoflagellates Cochlodinium polykrikoides, Gyrodinium impudicum and Gymnodinium catenatum based on Internal Transcribed Spacer
and 5.85 rDNA genes 12. "Data from Adachi et al. 2.
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presented in Table 2 and reveals a sequence divergence
ranging from 0.3% (1 bp) to 53% (305 bp). Among the 12
isolates of A. tamarense, it varied from 0.3 to 4.0% (1-20
bp), the maximum divergence (4%) being observed
between strains 503A-A-A and FK-788-B. Interestingly,
the degree of heterogeneity between A. tamarense and A.
fundyense strains appeared rather small, ie. of 1.2~2.3%
(6-12 bp), when compared to the divergence noted within

the A. tamarense group of isolates.

Phylogenetic analyses

To investigate the phylogenetic relationships among
these 28 Alexandrium isolates, a PAUP analysis was
conducted on their aligned data set. Although the degree

of confidence in the branching order of the parsimony

tree in Fig. 4 appeared relatively low, some groups were
characterized by high bootstrap values, for instance the
HI and CU1-1 group and the OFY101 and KO-3 group
(100% and 91%, respectively). A. cohorticula and A. frateculus
also tended to form an independent molecular group
(bootstrap value of 87%). Surprisingly, strain A. famarense
WKS-1 was found to be more closely related to
A. catenella isolates than to other A. tamarense strains
(bootstrap value of 85%). Another interesting result
concerned the A. tamarense strains collected from iden-
tical localities in Japan (e.g. Mikawa Bay and Ofunato
Bay), which were found to cluster into two different
subgroups (ie. OFX191-A, 503A-A-A and 304A-A in
group I, versus OFX191-B, 503A-A-B and 304A-B in

AJ291785 I A. taylori

OFXI191-A
PWOS-A
S03A-A-A A. tamarense Group |
304A-A
OFX151-A

GtCA29-A | A fundyense
FK-788-B
AT4-B
304A-B A. tamarense
503A-A-B
OK875-1-B
GICA29-B 1 A fundyense
HI38-B

Group {1

HIAL-B A. tamarense

53

13

bl

ﬁﬁlfﬁ &N‘

OFX191-B
M17)
OFX102
Y-2 A, catenella
QFY10]
KO-3
TNX22
WKS-1 t A tamarense

h l
cul-1

AF145224
AF208242 | A frateculus

A. affine

| A cohorticula

AJ251208 | A margalefi

AF208248-out | C. polykrikoides

Fig. 4. Phylogenetic analysis of relationships among 28 isolates of Alexandrium performed on ITS regions including 5.85

rDNA sequences, using a parsimony method.

Outgroup species was C. polykrikoides. The tree was constructed using a PAUP analysis. The topology represents the
consensus tree from an heuristic search yielding two equally most parsimonious trees (iree length = 1287, consistency index
(CT) = 0.730, retention index (RI) = 0.771). Bootstrap values (100 replications) are given above the internal nodes.
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group II). The same observation applied to A fundyense
strains GtCA29-A and GtCA29-B, both collected at Cape
Ann (USA). This result is in marked contrast with the
one obtained for the 5 Korean isolates of A. tamarense
obtained from Jinhae Bay, which showed completely
identical sequences.

The phylogenetic trees inferred from the distance
analysis of the aligned data set (NJ and ML methods)
are shown in Figs. 5 and 6, respectively. Their topologies
were quite similar to the one obtained with the parsimony
method. In particular, group I and II clearly formed two
separate clusters, with strong to moderate support (98%
and 56%, respectively). They were grouped in the form

of polytomy in the distance analysis, compared with the

parsimony phylogenies. This observation also applies to
A. catenella isolates and strain A. tamarense WKS-1, which
formed a unique molecular group (bootstrap values of

98% and 96%, respectively).

Discussion

Scholin et al. and Scholin and Anderson reported first
to exhibit two distinct genes (A gene and B gene) in the
SSU tDNA [28, 29]. Likely, Adachi et al. also proposed
to the existence of 1 gene and 2 gene in the ITS regions,
indicating this region was a useful molecular marker for
the determination of population in Alexandrium complex
[2]. Consequently, five strains of A. tamarense from Jinhae

Bay had clear distinct two genes in the ITS regions that

TNX22
OFX102
Y-2
M17
KO-3
OFYl01

A, cateneila

WKS-1 I A, tamarense

180

! A fundyense

Group 1
3J04A-A

OFX151-A

503A-A-A

GICA29-A
PWOS-A

AT4-B A. tamarense
OK3875-1-B

410

SO3A-A-B
‘._um_ -"“‘E 304A-B

Graup 1
FK-788-B

GtCA29-8 U A fundyense

Hi3s-B

HIAL-B

A. tamarense

OFX191-B

AF145224 V A. cohorticular
AF208242 | A, frateculus

CUi-1

AJ251208 | A. margalefi

L‘“—E H A affine
—
| ———

AJ291785
AF208248-ou

\ A taylori
t C polykrikoides

Fig. 5. Phylogenetic analysis of relationships among 28 isolates of Alexandrium performed on ITS regions including 5.85
rDNA sequences, using a distance method.
Outgroup species was C. polykrikoides. The tree was obtained using the subprogram NEIGHBOR incorporated in the PHYLIP
package with the option of Kimuras 2-parameter method 23. Bootstrap values (100 replications) are given above the internal
nodes.
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Fig. 6. Phylogenetic analysis of relationships among 28 isolates of Alexandrium performed on ITS regions including 5.85

rDNA sequences, using a distance method.

Outgroup species was C. polykrikoides. The unrooted tree was inferred using the subprogram DNAML incoporated in the
PHYLIP package with the option of Kimuras 2-parameter method 23. Bootstrap values (100 replications) are given above the

internal nodes.

were closer to A gene than to B gene. This is indicated
that a test of genetic population structure allows our
which is the A. tamarense in Korean waters formed a
large genetic group or not, although geographically close
populations roughly formed immediate clusters. We
extend to sampling sites in the future.

Korean isolates of A. tamarense (AT-A, AT-B, AT-2,
AT-6 and AT-10) collected at the same site, Jinhae Bay,
are characterized by similar thecal plate morphology
based on their apical pore complex (APC), first apical
plate and posterior sulcal plate[10]. In contrast, their
toxin composition and content was found to vary
significantly, AT-6 being regarded as the most toxic

isolate[10]. Environmental causes have been suggested to

830 / 4B A A

explain spatial and temporal heterogeneity, since several
isolates are known to exhibit the variability in toxin
concentration under different laboratory conditions[20,21].
However, since toxicity has been found to change not
only between different strains but also among different
clones of the same isolate, the factors influencing the
formation of toxic A. tamarense can not only be
environmental, and genetic differences seem to play an
important role on the variation of toxin concentration.
Consequently, characterization of genetic variability in
toxin production of A. tamarense populations from Jinhae
Bay is an important area for further study and
understanding.

In the present study, it was shown that they share the
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same ITS+5.85 rDNA sequence with OFX151-A, a Japa-
nese isolate. Although A. tamarense fuse two gametes
female and male) from vegetative cells which lead to an
enlarged, thick-walled zygote with a new combination of
renetic material[4-6], it appears to be related to no
senetic divergence and phylogenetic relationships in
Korean A. tamarense even during the course of sexual
rross-breeding over generations. Previously, the use of
DNA sequences targeting ITS regions to determine the
relatedness among harmful dinoflagellate isolates isolated
rom Korean coastal waters showed the same nucleotide
sequence as Korean A. famarense in this study[11-13,22].
Thus, one possible explanation is likely that ITS DNA
senotypes would show the equivalent result of popu-
lation in Korean harmful dinoflagellates. On the other
nand, samples of A. tamarense collected at various sites
in Japanese waters possessed a low genetic diversity
(Table 2), with almost identical nucleotide length of ITS
and 585 rDNA with Korean strains (Table 1). Addi-
tionally, all of them produce toxins responsible for PSP
contaminated mussels and oysters|[2].

Minor and variable morphometric parameters may
have led to the identification of A. tamarense, A. catenella
and A. fundyense, whose separation from A. tamarense is
difficult to justify based on the ITS gene analyses.
Alexandrium  taylori, A. cohorticular, A. affine and A.
frateculus are non-toxic and have considerably different
morphological features than the other Alexandrium
included in this study (Table 1). The clustering of A.
tamarense, A. catenella, A. fundyense and A. affine has been
supported by the genetic relationships within the genus
Alexandrium. The SSU gene data also support the ap-
parently branching of species with the major Alexandrium
cluster[28,29]. However, the genera of A. taylori, A.
cohorticular and A. frateculus may deserve in dependant
status. Consequently, the genus Alexandrium may not be
described within molecular taxonomic limits.

Surprisingly, WKS-1 among Japanese A. tamarense did
not present any of toxin profile possessed by the high-

performance liquid chromatography-fluorometric analysis
[2], and also was high in genetic divergence and paced
in different phylogenetic group in our study. The current
taxonomic status are not attributed to discriminate them
on the basis of fine-scale structures. In microorganisms,
possible mechanisms for exchange of genetic material is
explained that transformation is so far the only known
biological mechanism for exchange of chromosomal DNA
in bacteria[24]. That is to say that homologous recom-
bination is a ubiquitous mechanisms for incorporating
DNA into the genome. Consequently, stable exchange of
genetic solidarity within closely related groups can be
explained by homologous recombination frequency.
However, there are also other possible mechanisms for
genetic exchange within genetically clustered groups.
This is introduced by conjugation, simultaneous com-
petence and recognition sequence[24]. The exchange of
genetic information could not be a general mechanism.
The observed heterogeneous distribution of the toxic and
non-toxic strains may be result of gene change at a
number of times thoughout evolution. Further studies
addressing these mechanisms of heterogeneous strain of
A. tamarense are necessary. However, this study clearly
suggest that these ITS “genotypes” could be useful
markers in discriminating toxic from non-toxic A.
tamarense isolates as a species identification.

A phenomenon in the G+C content of ITS regions
known as the GC balance was documented in a wide
range of organisms by Torres et al.[35]. Alexandrium
species showed a G+C content in their total sequences
lower than in any other harmful dinoflagellates including
C. polykrikoides (approximately 40% vs. 57.4%, respec-
tively)[12]. Bernardi et al. and Salinas et al. suggested
that temperature was an important selection factor of GC
bias in the genomes of plants and warm-blooded
animals(8,27]. For example, the genomes of warm-
blooded vertebrates have higher G+C content than those
of cool-blooded vertebrates[27]. Subsequently, Takamatsu
et al. proposed that the relatively low G+C content of
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fungus might reflect the low optimum temperature of
the fungus[33]. However, this conclusion has not been
generalized to harmful dinoflagellates yet. In Korean
waters, the blooms involving C. polykrikoides generally
occur during the summer season[13], whereas Alex-
andrium species are reported from mid-March to early
July[10]. These observations tend to indicate that the
reason for different blooming seasons, depending on the
species of harmful dinoflagellates, is likely to be asso-
ciated with their G+C content. Further study is needed
to determine the effect of G+C content on the ecological

and physiological characteristics of harmful dinoflagellates.
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