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Twenty-nine culture strains belonging to the genus Alexandrium Halim (Dinophyceae) were established from
water column or sediments in Korea. Seventeen isolates were identified as A. tamarense (Lebour) Balech, eight iso-
lates as A. sp. cf. catenella and one as A. catenella (Whedon et Kofoid) Balech according to the presence or absence of
a ventral pore, the shape of the posterior sulcal plate and the sulcal width. Three isolates were unable to be identi-
fied due to considerable distortion of thecal plates and lack of enough materials, but typical of A. tamarense and/or
A. catenella. The overall cell shape of A. tamarense was usually longer than wide. The posterior sulcal plate was defi-
nitely longer than wide dorsoventrally, and sulcus extended posteriorly without apparent widening. They were dis-
tributed in three major coasts of Korea. In contrast, the cell shape of A. sp. cf. catenella was generally anterior-posteri-
orly flattened. The transversal axis of the posterior sulcal plate was always longer than the longitudinal, or both axes
were nearly equal in length. Its sulcus was broader than that of A. tamarense and widened in the direction of antapex
about 1.5 times. This morphotype existed in nearshore and offshore waters of the southern Korea sea. One of A.
catenella isolates from Jinhae Bay showed no conspicuous differences with A. sp. cf. catenella except for the consistent
absence of a ventral pore.
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INTRODUCTION

About 50 marine dinoflagellates are known to be capa-
ble of producing potent toxins (Sournia 1995). They
cause a variety of gastrointestinal and neurological ill-
nesses to human, and huge economic losses through the
food chain (Hallegraeff 1993). Some species in the genus
Dinophysis Ehrenberg and Alexandrium Halim can conta-
minate shellfish with toxins even at low cell concentra-
tions (Hallegraeff 1993).

Since the first occurrence of paralytic shellfish poison-
ing (PSP) in 1927 (Sommer and Meyer 1937), some
dinoflagellates (Balech 1995; Taylor et al. 1995),
cyanobacteria (Sivonen 1996) and bacteria associated
with toxic dinoflagellates (Gallacher et al. 1997) have
been convicted of PSP toxin production. The genus
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Alexandrium consists of about 30 species including as
many as 10 toxigenic species (Balech 1995; Taylor et al.
1995). In spite of their recent redescription by Balech
(1995) and Yoshida (2000), several species groups are
still open to debate on their speciation. Especially, A.
tamarense (Lebour) Balech, A. catenella (Whedon and
Kofoid) Balech and A. fundyense Balech (or the tamaren-
sis complex) have received extensive attention from
many scientists due to their taxonomic difficulty (Taylor
1975, 1984; Schmidt and Loeblich 1979; Cembella and
Taylor 1986), potent toxicity (Cembella et al. 1987; Kim et
al. 1993; Anderson et al. 1994), worldwide distribution
(Hallegraeff 1993) and possibility for human-assisted
dispersal (Hallegraeff 1993; Scholin et al. 1995).

Cho (1978) reported the first HAB by one of
Alexandrium species at Jinhae Bay, Korea. Two PSP inci-
dents resulting in human deaths from eating toxified
mussels broke out (Chang et al. 1987; Jeon et al. 1988;
Arakawa et al. 1989; Lee et al. 1997), and Han et al. (1992)
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reported that the causative organism was A. tamarense.
Kim and Lee (1996) and Kim and Shin (1997) reported
vernal blooming, toxicity and resting cysts distribution
of Alexandrium spp. at Jinhae Bay, the most notorious
place for annual shellfish poisoning. Since then, continu-
ous PSP monitoring has been conducted around shellfish
farming areas.

The taxonomic studies of Alexandrium in Korea were
conducted by several researchers (Shim et al. 1981;
Balech 1985, 1995; Lee et al. 1993; Han et al. 1992, 1993;
Yoo et al. 2000). A. affine (Inoue et Fukuyo) Balech, A.
catenella, A. fraterculus (Balech) Balech, A. insuetum
Balech, A. leei Balech and A. tamarense have been known
in Korea to date. The taxonomic studies as well as PSP
monitoring were, however, conducted at limited areas of
southern coasts of Korea including Jinhae Bay.

Here, we conducted a morphological observation of
Alexandrium isolates established from various parts of
Korean coasts. This study was also undertaken as a step
toward surveying PSP toxin productivity, and under-
standing genetic diversity and geographical distribution
of Alexandrium populations in Korea.

MATERIALS AND METHODS

Establishment of Culture Strains and Maintenance

Phytoplankton samples were collected by towing a 20
um mesh plankton net. The samples were moved to the
laboratory without fixation. A vegetative cell or a chain-
forming unit was picked out with a fine-tipped pipette
and was successively transferred into other tissue cul-
ture wells containing sterile seawater to minimize bacte-
rial contamination. Only one cell or one chain-forming
unit was finally transferred into a test tube containing
sterile SWIIm medium (Iwasaki 1961). The clonal culture
was maintained at 15-20°C and 80-100 gmol-m=-s™ of
cool white light under 14L:10D photocycle.

Sediments were sampled with a gravity corer, moved
to the laboratory on ice at dark and stored at 4°C dark
room until ready to use. A portion of the sediments was
briefly sonicated and strained through a 125 um poly-
ester sieve to remove larger particles and then concen-
trated onto a 20 um sieve. Individual resting cysts were
picked out from the screened sediment sample, placed
into each tissue culture well containing sterile SWII
medium (lwasaki 1961) and incubated under various
germination conditions. Two cells or chain-forming units
divided from a planomeiocyte after germination were
separated, washed several times with micropippet and

Fig. 1. Schematic of Alexandrium with ventral, apical and
antapical views (redrawn from Steidinger and Tangen
1997).

grown as previously stated.

Detailed sampling sites, dates and origins were shown
in Table 1 and Fig. 3. Dino-6 was kindly provided by
Prof. J. G. Park of Inje University, Korea.

Observation of Morphology

Vegetative cells of each clonal culture were pho-
tographed with a light microscope (Olympus BX50)
using differential interference contrast. Thecal plates
were observed after dissecting the theca of cells with 5%
sodium hypochlorite and staining with the Imamura and
Fukuyo’s solution (Yuki and Fukuyo 1992). The termi-
nology used in this work was adopted from Steidinger
and Tangen (1997) (Fig. 1).

RESULTS

Descriptions

Twenty-nine clonal cultures established from various
parts of Korean coasts were identified (Table 1). All iso-
lates shared the typical morphological features of
Alexandrium tamarense/catenella (see Kim 2001 for the
detail). All isolates except one (Dino-6) were hardly dis-
tinguishable from one another by their overall cell shape
and detailed thecal features. However, some relatively
conservative characters were found as follows; the flat-
tening of the cell shape, the shape of the sp and the 2”7,
and sulcal width.

Alexandrium tamarense (Lebour) Balech 1985
Fig. 2A-H

Balech 1985, p. 38, Fig. 2; Balech and Tangen 1985, p.
335, Fig. 1; Fukuyo 1985, p. 532, Fig. 2A-G; Fukuyo,
Pholpunthin and Yoshida 1988, p. 13-14, PI. II, 6-11;
Hallegraeff, Bolch, Blackburn and Oshima 1991, p. 583,
Fig. 33-42; Lee, Park and Kim 1993, p. 6, Fig. 3; Han, Jeon
and Kim 1992, p. 1584, Fig. 2; Han, Jeon and Yoon 1993,



Table 1. Information of Alexandrium isolates identified in this study
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Strain Code? Species Designation® Ventral Pore Sampling Site Sampling Date
BSW97 A. tamarense w Busan Jun. 1995
CMC98a A. tamarense/catenella w 34°04’E 128°22’N Jun. 1998
CMC98b A. sp. cf. catenella w ” ”
Dino-6 A. catenella w/0 Jinhae Bay Jun. 1997
DPC95a A. sp. cf. catenella w Dadaepo, Busan ”
DPC95b A. sp. cf. catenella w ” ”
DPC95c¢ A. sp. cf. catenella w ” ”
JDCO00a A. tamarense w Jindong, Jinhae Bay Mar. 2000
JDW0004-13 A. tamarense w ” Apr. 2000
KJC97a A. tamarense w Geojedo Nov. 1997
KMC98a A. sp. cf. catenella w 34°19’E 127°33’N Aug. 1998
SJC95a A. tamarense w Sujeongri, Jinhae Bay Sep. 1995
SJC95b A. tamarense w ” ”
SJC00a A. tamarense w ” Mar. 2000
SIW9704-3 A. tamarense w ” Apr. 1997
SIW9704-6 A. tamarense w ” ”
SIW9704-15 A. tamarense w ” ”
SIW0003-11 A. tamarense w ” Mar. 2000
SJWO0007-7 A. sp. cf. catenella w, w/0 ” Jul. 2000
SJW0007-8 A. sp. cf. catenella w, w/0 ” ”
SSW0006-3 A. tamarense w Seoseang Jun. 2000
SSW0006-7 A. tamarense w ” ”
SOW0004-8 A. tamarense/catenella w, w/0 34°14’E 127°52’N Apr. 2000
SOCO004a A. tamarense w ” ”
ULW9903 A. tamarense w Ulsan Mar. 1999
YOC98a A. tamarense w 35°51°E 125°24’'N Dec. 1998
YOC98b A. tamarense/catenella w ” ”
YOC98c A. tamarense w 35°51°E 125°37'N ”
YSC98a A. sp. cf. catenella w Yeosu Nov. 1998

2 Dino-6 was provided by Prof. J. G. Park of Inje University, Korea.

b A. tamarense/catenella was unable to identify at the species level, but typical of A. tamarense and/or A. catenella.

p. 10, Fig. 2; Balech 1995, p. 38-41, Pl. VI, Fig. 1-40, VII,
Fig. 1-9; Steidinger and Tangen, 1997, p. 500, PI. 36; Yoo,
Fukuyo, Cheun, Lee and Kim 2000, p. 28, Fig. 2-17.
Synonyms: Gonyaulax tamarensis Lebour 1925,
Gonyaulax tamarensis var. excavata Braarud 1945,
Gonyaulax excavata Balech 1971, Protogonyaulax tamarensis
Taylor 1979, Gessnerium tamarensis Loeblich and Loeblich
1979, Alexandrium excavatum Balech and Tangen 1985.
Cells were usually longer than wide (Fig. 2A-C).
Length of cells was 21.5 to 39 yum, and width 18.5 to 36.5
um. The width/length ratio was in the range of 0.96-1.17.
Cells were usually single and rarely in pairs. All exam-
ined cells possessed a typical vp (Fig. 2D-F). The sp was
definitely longer than wide dorsoventrally (Fig. 2G, H).
It was rectangular-shaped with the convex dorsal end or
subpentagonal-shaped with two obtuse-angled margins.
Usually the margin with the 4’ was much shorter than
that with the 2””. Sulcus was narrow and extends poste-

riorly without apparent widening (Fig. 2C). The shape of
the 2”” was rather variable; either transversely or
dorsoventrally elongated (Fig. 2G, H).

Han et al. (1992), Lee et al. (1993) and Balech (1995)
reported the occurrence of this species at Jinhae Bay in
Korea. The first monospecific HAB broke out in 1997 at
the same area (Yoo et al. 2000). Han et al. (1993) reported
the occurrence of this taxon at Gamraepo, Masan Bay,
Chilchundo and Yeosuhae Bay. In this study, 17 isolates
from 8 areas were identified; Busan (BSW97), Geojedo
(KJC97a), Jinhae Bay (JDCO00a, JDW0004-13, SJC95a,
SJC95b, SIC00a, SIW9704-3, SIW9704-6, SIW9704-15,
SJW0003-11), Seoseang (SSW0006-3, SSW0006-7), Ulsan
(ULW9903), off the coast of the Yellow Sea (YOC98a,
YOC98c¢) and the southern Korea sea (SOCO00a) (Fig. 3).

Alexandrium sp. cf. catenella
Fig. 2I-P
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Fig. 2. LM and SEM observation of Alexandrium tamarense (A-H), A. sp. cf. catenella (I-P) and A. catenella (Q-S) isolates in Korea (All
cultured specimens except I).
A, A vegetative cell in ventral view; B, Vegetative cells in a pair; C, An empty theca showing posteriorly extending sulcus with-
out apparent widening; D-F, APC (apical pore complex) and the rhomboidal 1’ with a ventral pore; G-H, The dorsoventrally
long sp and the 2”. I. A field material; vegetative cells forming a chain from the same sampling site where SJW0007-7 and
SJWO0007-8 were isolated; J, A vegetative cell in ventral view showing the posteriorly widening sulcus. K-M. APC and the 1’. L
and M: The 1’ with and without a ventral pore of which micrographs were taken from the same clonal culture, SIW0007-7; N-P,
The transversally long sp and the 2”; Q, A chain of four cells; R, The 1’ without a ventral pore; S, The transversally long sp plate.

E,F, H, L, M and O: reverse images. Scale bars = 10 um except K (5 pum).




Cells were generally flattened anterior-posteriorly
(Fig. 21-J). The width/length ratio varied from 0.84 to
1.03. Length of cells was 21.5 to 32 ym, and width 24 to
32 um.

Two clonal cultures (SJW0007-7 and SJWO0007-8) were
established from water column. The initial cells in the
field sample were unequivocally compressed and
formed chains of 2-4 cells (Fig. 21). Once in culture medi-
um, they tended to swim solitarily not being concatenat-
ed and became rather isodiametric in shape.
Interestingly, both cells with and without a vp were
observed simultaneously in the clonal cultures (Fig. 2L,
M). Vegetative cells of other cultures had a consistent vp.
The sp was the rectangular- to pentagonal-shape (Fig.
2N-P). The transversal axis was always longer than the
longitudinal, or both axes were nearly equal in length.
When the shape was pentagonal, slightly convex dorsal
margins touching the 4’ and the 2”” were nearly equal
in size forming an acute angle (Fig. 2P). Sulcus was
broader than that of A. tamarense and widened in the
direction of antapex about 1.5 times (Fig. 2J).

The 2”” was always transversely elongated (Fig. 2N,
P).

In this study, eight isolates from 5 places were identi-
fied; Dadaepo (DPC95a, DPC95b, DPC95c), Jinhae Bay
(SJw0007-7, SIW0007-8), Yeosu (YSC98a) and the
nearshore and offshore southern Korea sea (CMC98b,
KMC98a) (Fig. 3).

Alexandrium catenella (Whedon et Kofoid) Balech 1985
Fig. 2Q-S

Balech 1985, p. 37, Fig. 2; Fukuyo 1985, p. 532, Fig. 2H-
N; Hallegraeff, Steffensen and Wetherbee 1988, p. 534,
Fig. 1, 2; Hallegraeff, Bolch, Blackburn and Oshima 1991,
p. 580, Fig. 17-32; Lee, Park and Kim 1993, p. 7, Fig. 4;
Balech 1995, p. 48-50, PI. X, Fig. 1-31, PI. XI, Fig. 1-12;
Steidinger and Tangen 1997, p. 492, PI. 35; non: Postek
and Cox 1976, p. 89, Fig. 2-11.

Synonyms: Gonyaulax catenella Whedon and Kofoid
1936, Protogonyaulax catenella Taylor 1979, Gessnerium
catenellum Loeblich and Loeblich 1979, Gonyaulax wash-
ingtonesis Hsu 1967

Length and width of vegetative cells varied from 21 to
23.5 um and from 23 to 25 um, respectively. Cells were
slightly anterior-posteriorly compressed and commonly
formed a chain of 4 cells (Fig. 2Q). No definite difference
from A. sp. cf. catenella existed in any traits such as the
overall cell shape and detailed thecal features including
the sp (Fig. 2S) except for the consistent absence of the
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Fig. 3. Geographical distribution of Alexandrium isolates in
Korea.
®, A. tamarense; [], A. sp. cf. catenella; W, A. catenella; A,
unable to identify at the species level but typical of A.
tamarense and/or A. catenella.

vp (Fig. 2R).

This dinoflagellate has been observed previously at
Jinhae Bay in Korea (Lee et al. 1993; Balech 1995). In this
study, one isolate (Dino-6) from Jinhae Bay was identi-
fied (Fig. 3).

Unidentified Isolates

We failed to correctly identify three isolates. CMC98a
and YOC98b showed a considerable variation of the the-
cal formulae probably because of the aged culture and
unfavorable culture conditions. The appropriate species
assignment was also impossible for SOW0004-8 due to
deformed thecal plates and lack of enough material. The
former two isolates always had a prominent vp, whereas
the latter contained cells with and without a vp in a sin-
gle culture. Other features were not quite different from
those of other isolates identified in this study.

DISCUSSION

The genus Alexandrium is distinct from other genera in
Gonyaulacales in that they have homologous plate for-
mula, poorly developed lists, no horns, no spines, a large
comma-shaped apical pore, 1-1.5 width girdle displace-
ment and generally smooth-walled resting cysts (Balech
1995; Taylor et al. 1995; Steidinger and Tangen 1997).
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Unlike other dinoflagellate genera or species which have
easily distinguishable morphological characters under
light microscope, the species assignment of Alexandrium
relies on fine-scale morphological features such as size,
overall cell shape, chain formation, cingular and sulcal
excavation, sulcal list development, the shape of the Po,
the 1’ and the 6”, and all the sulcal plates, especially the
sp, the sa and the ssa (Balech 1995; Taylor et al. 1995;
Steidinger and Tangen 1997; Yoshida 2000).

Misinterpretation of the connection between the Po
and the 1’, and misdesignation of the ssa for the 1"’ and
the 1”” for the 1p led to a proliferation of Alexandrium
generic names such as Gonyaulax Diesting 1886,
Heteraulacus Diesting 1850, Pyrodinium Plate 1906,
Alexandrium Halim 1960, Gessnerium Halim 1967 and
Protogonyaulax Taylor 1979 (Steidinger 1971, 1990;
Loeblich and Loeblich 1979; Taylor 1979, 1984; Balech
1989, 1995; Steidinger and Moestrup 1990). The problem
recently has been settled down by Balech (1989, 1995).

After the correction of the optically reversed epitheca
description of A. tamarense icotype, the discrimination
among A. acatenella (Whedon and Kofoid) Balech, A.
catenella, A. tamarense (and A. fundyense) has been much
more complicated (Taylor 1975, 1984; Steidinger 1990;
Balech 1995). To date, the most remarkable features dis-
tinguishing A. tamarense from A. catenella and A.
fundyense are presence or absence of a ventral pore, cell
width and chain formation (Taylor 1984; Balech 1995;
Taylor et al. 1995).

In the initial field samples, two isolates (SJW0007-7
and SJW0007-8) were relatively easily characterized due
to the tendency to be concatenated and the anterior-pos-
teriorly flattened cell shapes that were noted only for A.
catenella. However, once the isolates were grown in vitro,
the character to form a chain was lost, and the cell flat-
tening also became less prominent probably because of
the different growth environment. Such morphological
characteristics may be changed under artificial culture
conditions as well as different ecological niche, different
life cycle stage and other influences (Taylor 1984;
Cembella and Taylor 1986). Thus, when one tries to
establish a culture strain prior to physiological, biochem-
ical and molecular biological experiments the taxonomic
problems become serious.

The resting cysts of A. tamarense and A. catenella are
hardly distinguishable (Fukuyo 1985), and scarcely are
the cells accustomed to in vitro culture conditions when
they excyst, so some degree of phenotypic variation is
inevitable. To reduce confusion in the culture-based tax-

onomy, simultaneous identification of preserved field
materials has to be followed by the establishment of a
culture strain from water column. Also, when establish-
ing culture strains from sediment resting cysts, it is
desirable to observe the thecal plates as soon as possible
after several cell divisions of a planomeiocyte.

Though the ventral pore was not described in both
icotypes of A. tamarense (Lebour 1925) and A. catenella
(Whedon and Kofoid 1936), it is now recognized as the
most reliable character for differentiating A. tamarense
from A. catenella and A. fundyense (Balech 1995;
Steidinger and Tangen 1997). However, in the case of
SJW0007-7, SIW0007-8 and SOWO0004-8, both cells with
and without a pore co-occurred in each clonal culture.
Despite stability of its existence in a single culture
(Schmidt and Loeblich 1979; Balech and Tangen 1985;
Cembella and Taylor 1986; Balech 1995), validity of the
ventral pore as a specific character remains open to
debate on account of uneasiness to observe in newly
divided cells (Balech and Tangen 1985), conceivability of
a cryptic pore invisible by a light microscope (Cembella
and Taylor 1986) and its failure to follow the mendelian
segregation in an interbreeding experiment between two
morphospecies, A. fundyense and A. tamarense (Anderson
et al. 1994). Thus, there is a possibility that we failed to
find the pore in above three cultures because of its invisi-
bility or crypticness. But a more reasonable cause of
coexistence of the trait even in a clonal culture appears to
be its expression by multiple genes, and its existence
may be susceptible to environmental influences
(Cembella and Taylor 1986; Anderson et al. 1994;
Gallagher 1998).

Recent phylogenetic analysis of A. tamarense, A.
catenella and A. fundyense also revealed independent
clustering on this fine-scale morphological feature
(Scholin et al. 1994). Thus, whether possession of the ven-
tral pore is really a good trait to be used for species des-
ignation is open to further discussion. When A. taylori
Balech comes in our consideration, the taxonomic prob-
lem becomes more realistic. Considerable variation in
the 1" was reported; it is pentagonal to romboidal with
and without a ventral pore(s) from the type locality
(Delgado et al. 1997).

Since all our isolates except Dino-6 had a ventral pore
(including three isolates with and without one), we shift-
ed emphasis on the sp, sulcal widening and the 2””.
Then, the isolates were divided into A. tamarense and A.
sp. cf. catenella, though we had to admit that the detailed
features were phenotypic and such delineation might be



subjective. The sp of A. tamarense was definitely longer
than wide dorsoventrally. In contrast, the transversal
axis of the sp of A. sp. cf. catenella was always longer
than the longitudinal, or both axes were nearly equal in
length. However, the shape of the sp seems to follow the
overall cell shape that is susceptible to environmental
changes; namely, anterior-posteriorly compressed cells
have transversely longer sp than wide and vice versa.

The sulcal widening of A. sp. cf. catenella was always
broader than that of A. tamarense. A. sp. cf. catenella had
the transversely elongated 2””, a relatively conserved
character, whereas A. tamarense had both transversely
and dorsoventrally elongated one. In the meanwhile,
there was no difference between A. catenella and A. sp. cf.
catenella except for the absence of the ventral pore.
Yoshida (2000) also recognized the sp as a critical taxo-
nomic criterion and inferred the Alexandrium evolution
from its morphological change. However, the overlap
and variation of such morphological characteristics espe-
cially in artificial culture conditions can depreciate their
importance in discerning the distinctiveness of these
morphotypes. Thus, when the distinction is likely to be
obscure one has to rely on statistical data. To confirm
whether above-mentioned morphological criteria had a
real taxonomic value, partial sequences of LSU rDNA
were investigated. The result supported the validity of
these modest differences, and A. sp. cf. catenella was phy-
logenetically homogeneous with A. catenella Dino-6 (Lee
et al. 1998; Kim 2001).

When morphologically closely related A. acatenella, A.
excavatum (Braarud) Balech, A. fundyense and A. tropicale
Balech come in our consideration, the taxonomic prob-
lem will be much more complicated, if not impossible.
Specially, A. fundyense (= Gonyaulax tamarensis var. exca-
vata) was distinguishable from A. tamarense (= G.
tamarensis var. tamarensis) by the absence of a ventral
pore with no other clear morphological or physiological
differences (Schmidt and Loeblich 1979).

In spite of bringing about much taxonomic confusion,
we reported, for the first time, existence of toxigenic
Alexandrium populations in all three major coasts of
Korea. In this study, the existence of the potential
“seedbed” of Alexandrium resting cysts and the occur-
rence of vegetative cells were first reported off the coasts
of the Korean sea. It implies that there is a possibility
that their population can occur as a bloom-forming unit
at the nutrient-rich frontal region after germination.

Attempts to elucidate the phylogenetic relationship of
Alexandrium species have been aggressively made with
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biochemical, physiological and molecular tools. Many
research groups showed a clear discordance between
classic morphotaxonomy and subcellular traits (see
Scholin 1998 for review). PSP toxin profiles (Cembella et
al. 1987; Kim et al. 1993; Anderson et al. 1994; Parkhill
and Cembella 1999) and rDNA sequences (Scholin et al.
1994; Medlin et al. 1998) seem to be good indicators to
understand population biogeography and dispersal of
Alexandrium population, which cannot simply be
explained using simple morphological features. Thus,
more intensive analyses using physiological or molecu-
lar data are needed to perceive their biogeography and
dispersal mechanism in Korea.
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