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Hypotheses concerning the molecular evolution, population structure and dispersal of the toxic dinoflagellates Alexandrium
tamarense (Lebour) Balech, A. catenella (Whedon et Kofoid) Balech and A. fundyense Balech (the ‘tamarensis species
complex’) are examined in light of previous reports that compared their small and large-subunit ribosomal RNA gene (SSU
and LSU rDNA) sequences. Forty-eight cultures from North America, western Europe, Japan, Australia and Thailand
were analysed by a restriction fragment length polymorphism (RFLP) assay of SSU rDNA, and 34 of those by sequencing
a fragment of LSU rDNA. Results indicate that the tamarensis species complex comprises at least 5 genetically distinct
evolutionary lineages (‘ribotypes’) whose phylogenetic relationships reflect geographic populations, not morphospecies. We
believe this pattern reveals a monophyletic radiation from an ancestor that included or gave rise to multiple morphotypes.
Accumulated mutations in descendants’ SSU and LSU rDNA are suggested to reflect the prolonged geographic isolation
and independent evolution of distinct populations. Novel SSU rDNA data are presented in support of this hypothesis.
Given the proposed evolutionary framework and other historical considerations, we interpret the genetic diversity of
Japanese A. tamarense/catenella as indicative of dispersed populations from genetically distinct sources. The possibility that
A. catenella was introduced to Australia from an Asian source is also considered. In both cases, however, rDNA data alone
are insufficient to distinguish whether this occurred thousands of years ago by natural immigrations or as a result of recent
human activity (ballast water transport or relays of shellfish stocks). The uncertainty of dispersal timing stems from the
relatively slow rate at which TDNA evolves and lack of fossil evidence. Ballast water samples show that viable toxigenic
Alexandrium cysts have undergone human-assisted transoceanic transport, illustrating how a region could be ‘seeded’ with

genetically distinct 4. tamarense and A. catenella from a variety of regional populations.

INTRODUCTION

The geographic range of the toxic dinoflagellates Alexandrium
tamarense (Lebour) Balech, 4. catenella (Whedon et Kofoid)
Balech and A. fundyense Balech (hereafter the ‘tamarensis
complex’) appears to be increasing on both regional and
global scales (Anderson 1989; Hallegraeff & Bolch 1991,
1992). This is an alarming trend given that these organisms
cause paralytic shellfish poisoning (PSP), a neurologic dis-
order with significant public health and economic impacts
(Steidinger & Baden 1984). Several explanations have been
put forward to explain this trend, including increased abun-
dance of previously unnoticed endemic species, natural disper-
sal, human-assisted dispersal, or a combination of all the
above (Anderson 1989; Smayda 1990; Hallegraeff & Bolch
1991, 1992). In order to distinguish between these hypotheses,
endemic and introduced flora must be differentiated. Histori-
cal records of toxicity and species abundance in a region are
useful in this regard, yet an absence of these indicators does
not preclude the possibility that toxigenic Alexandrium are
present in a given area. A further difficulty is that 4. tamar-
ense/catenella/fundyense resting cysts survive for 5-10 years
in natural sediments (Keafer et al. 1992). Fossilization of
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these cysts is not known to occur, and therefore stratigraphy
cannot be used to determine historical occurrences. Conse-
quently, endemism and dispersal must be inferred from
other data.

In an attempt to solve this problem, Scholin & Anderson
(1993) proposed to elucidate the genetic relationships of
different regional populations to provide a reference from
which to view dispersal hypotheses. Before this approach
could be applied, however, a long-standing debate as to the
‘validity’ of defining 4. tamarense, A. catenella and A. fundy-
ense as distinct species remained to be resolved. For example,
A. tamarense and A. catenella isolated from Japan are dis-
tinguishable morphotypically, and may be separated into
distinct groups based on isozyme electrophoretic patterns and
immunogenicity — evidence that supports the morphospecies
paradigm (Sako et al. 1990, 1993). In contrast, isolates of
A. tamarense, A. catenella and A. fundyense from North
America and elsewhere show no consistent correlation
between morphological and biochemical characteristics —
evidence that does not support the morphospecies concept
(Cembella & Taylor 1986; Cembella et al. 1987, 1988; Hay-
home et al. 1989; Anderson et al. 1994). Two schools of
thought concerning the validity of species definitions thus
emerged. Some researchers believe that detailed morphologi-
cal features used to define 4. tamarense (with a ventral pore
on the first apical plate), 4. catenella (without a ventral pore
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on the first apical plate; chain forming, posteriorly compressed
cells) and A. fundyense (identical to A. catenella, but occurring
as isodiametrical, non-chain forming cells) are valid species-
level criteria, whereas others view such morphological vari-
ations as ‘strains’ or ‘varieties’ of a single species (Balech
1985; Fukuyo 1985; Taylor 1985; Cembella & Taylor 1986;
Steidinger & Moestrup 1990; Hallegraeff ez al. 1991; Anderson
et al. 1994). Each of these views infers a distinct evolutionary
history, or phylogenetic tree: (1) that each morphospecies is
ascribed by a single ancestral line whose terminus (or termini)
consists exclusively of one morphotype; or (2) that each
morphospecies is represented by one or more ancestral lines
whose termini may contain multiple morphotypes.

Sequence analysis of small-subunit (SSU) and large-subunit
(LSU) ribosomal RNA (rRNA) genes (rDNA) was under-
taken to distinguish between these possibilities and to provide
the necessary background for describing the population bio-
geography of the organisms. Collections of A4. tamarense,
A. catenella and A. fundyense from North America, western
Europe, Japan, Australia, Thailand and the ballast water of
several cargo vessels were compared on the basis of restriction
fragment length polymorphisms (RFLPs) of SSU rDNA
(Scholin & Anderson 1994) and sequences of LSU rDNA
(Scholin et al. 1994a). The RFLP assay allowed the detection
of a SSU pseudogene (the *B gene;” Scholin ez al. 1993), and
the LSU sequences were used to construct a phylogenetic
tree. Results indicate that the tamarensis complex comprises
at least 5 genetically distinct evolutionary lineages or
‘ribotypes.” Overall, ribotypes appear indicative of regional
populations, not morphospecies, and were therefore named
with reference to the geographic origins of the isolates com-
pared: ‘North American’, ‘western European’, ‘temperate
Asian’, ‘Tasmanian’ and ‘tropical Asian’. The SSU B gene is
thought to occur only in those organisms that belong to the
North American ribotype (Fig. 1).

Recognition of phenotypic overlap between genetically dis-
tinct populations (e.g. North American and western European
A. tamarense), as well as phenotypic plasticity within a geneti-
cally similar population (e.g. North American 4. tamarense/
catenella/fundyense), offers an explanation for the long-
standing taxonomic controversy. Morphological features used
to define A. tamarense, A. catenella and A. fundyense may
indeed appear positively or negatively correlated with subcel-
lular criteria; results depend on which regional population(s)
are chosen for analysis, as well as the particular isolates
compared (Fig. 1; see also Adachi er al. 1994; Anderson
et al. 1994).

Definition of genetically distinct regional populations sets
the stage for testing dispersal hypotheses, but two hurdles
remain. First, an evolutionary model is needed to account for
the confusing associations between morphospecies desig-
nations, ribotypes and geographic populations. Second, the
population specificity of the B gene (and its utility as an
indicator of dispersal) must be established in the context of
this model, that is, the ‘uniqueness’ of the SSU B gene/North
American LSU ribotype pair (Fig. 1) must be clarified since
their strict association is considered tenuous. The latter diffi-
culty arises from the fact that the RFLP assay used to define
the B gene samples only a few B-specific nucleotides, leaving
the possibility that ‘B-like genes’ occur in ribotypes other
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than the North American (Scholin & Anderson 1994; Scholin
et al. 1994a).

In this report we address these problems by presenting an
evolutionary model for the zamarensis complex and apply a
simple method for screening different ribotypes for B-like
genes. We then propose a conceptual framework from which
to explore the differentiation of endemic and introduced
tamarensis complex representatives. Lastly, dispersal hypoth-
eses and their specific predictions are examined in light of
this framework with particular emphasis on North American,
Japanese and Australian regional populations.

MATERIALS AND METHODS

Cultured Alexandrium compared on the basis of SSU RFLP
patterns and LSU rDNA sequences are presented in Table 1.

Solid-phase sequencing of SSU rDNA

SSU rDNA from representatives of the North American,
western European, temperate Asian and Tasmanian ribotypes
(Fig. 1, Table 1) were amplified using the polymerase chain
reaction (PCR; Saiki er al. 1988) as described previously
(Scholin & Anderson 1994), with the exception that the 3’
(reverse) primer was biotinylated. Purification of the biotinyl-
ated strand was achieved using streptavidin-coated magnetic
beads (‘Dyna Beads’) following the recommendations of the
manufacturer (Technical Handbook; Dynal AS, PO Box 158
Skeyen, N-0212 Oslo, Norway; cf. Hultman ez al. 1989; Uhlen
1989; Scholin et al. 1994b). Primers complementary to
Dictyostelium Brefeld SSU nucleotides 892-906, and 962-976
(Sogin & Gunderson 1987) were used to sequence (United
States Biochemical Sequenase 2.0) a portion of the captured
molecules (positions ~636 to ~1158; Scholin et al. 1993,
1994b). Products of the reactions were resolved on standard
6% polyacrylamide (19:1 acrylamide:bis-acrylamide), 8.3 M
urea, 1 x TBE gels (Ausubel er al. 1987) using a BioRad
(Hercules, California, USA) Sequigencell apparatus. The top
buffer chamber was filled with O.5x TBE and the bottom
chamber filled with 1 x TBE. Gels were pre-electrophoresed
with a constant power setting until reaching ~ 50°C. Sequen-
cing reactions were thawed on ice, heated to 80°C for 3 min
and immediately returned to ice. Approximately 2.5 ul of each
reaction were loaded per lane and run until the bromophenol
blue dye had migrated roughly 1/3 the length of the gel.
Electrophoresis was then briefly terminated while 1/2 volume
of 3M NaOAc (pH 5.0) was added to the bottom buffer
chamber. Electrophoresis was resumed maintaining a surface
plate temperature of 50-55°C, then terminated when the
xylene cyanol dye front had migrated to within 10-12cm
from the bottom of the gel. Gels were fixed in 10%
methanol/10% glacial acetic acid for 30 min, dried onto
Whatman 3MM paper at 80°C with applied vacuum, and
exposed to either XAR-5 or XRP-5 X-ray film (Kodak) from
periods of overnight to 2 days.

Sequences from the western European, temperate Asian
and Tasmanian representatives were compared to that from
the eastern North American isolate from which the A and B
SSU rDNAs were originally characterized (GtCA29; Scholin
et al. 1993). Two western European representatives were
chosen because one (Pgt 183) is non-toxic, while another
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Fig. 1. Parsimony phylogenetic tree inferred from aligned Alexandrium LSU rDNA sequences (Scholin ef al. 1994a) generated by PAUP 3.1.1
(Swofford 1993). Tree statistics are as follows: length =403 steps; consistency index excluding uninformative characters=0.802; rescaled consist-
ency index =0.790; retention index =0.948. The tree was rooted using the outgroup method, with 4. minutum, A. lusitanicum and A. andersonii
defined as outgroup taxa [note: 4. andersonii is spelled here using rules of the Botanical Code of Nomenclature; the original description employs
the Zoological Code, being A. andersoni (Balech 1990)]. These isolates were chosen as the outgroup because their sequences share a common
SSU rDNA restriction pattern that is distinct from A. affine and members of the tamarensis complex (Scholin & Anderson 1994), and because
they are the most divergent taxa relative to representatives of the zamarensis complex (Scholin et al. 1994a). The tamarensis group remains
monophyletic when 4. affine is used as the outgroup root (not shown). Horizontal branch lengths reflect the relatedness of the sequences; scale
bar represents a divergence of 10 steps (Swofford 1993). North American, western European, temperate Asian, Tasmanian, tropical Asian,
affine, minutum, and andersonii are ribotype designations of terminal taxa; western, eastern and alternate, and Japanese and Korean are
subribotypes of the North American and temperate Asian groups, respectively. The latter divisions are based on fine-scale SSU and LSU
differences (Scholin & Anderson 1994; Scholin e al. 1994a). All eastern North American ribotype representatives contain at least 2 classes of
LSU rDNA; both variants from AFNFA3 (‘AFNFA3.1" and “.2°) were included to illustrate this fact. Remaining eastern North American
ribotype sequences were entered as the AFNFA3.2-like variant. *denotes toxic isolates. SSU rDNA RFLP characteristics for the cultures are
also shown on the appropriate branches; note correspondence between those patterns and the LSU rDNA phylogeny (cf. Scholin & Anderson
1994). Numbers indicate the frequency that taxa to the right of the value were found to group together upon bootstrap analysis (250 iterations;

Felsenstein 1985, Swofford 1993).

(PE1V) may make trace amounts of toxin (Table 1); the two
isolates were included to determine if there was any strict
association between the B gene and toxin production.

RESULTS AND DISCUSSION

Evolution of the tamarensis species complex: polyphyletic or
monophyletic?

Gonyaulacoid dinoflagellates, a group that encompasses the
genus Alexandrium, appear in the fossil record since at least
the Cretaceous [~ 135 million years ago (Ma)]. A more precise
estimate of the appearance of A. tamarense, A. catenella and
A. fundyense is not possible because of the absence of fossil
data (Taylor 1980). Nevertheless, it is widely accepted that
over tens of millions of years, members of this species complex
colonized many regions of the world (Taylor 1984, 1987).
Since these organisms are not known to survive for long
periods in the open ocean, transoceanic dispersal by means

of ocean currents is highly improbable (Hallegraeff & Bolch
1992). However, disjunct populations could arise from coastal
transport via near-shore currents, chance encounters with
migratory waterbirds, or other episodic events (Anderson
1989; Franks & Anderson 1992; R. Scheltema, personal com-
munication). Globally distributed populations of the tamar-
ensis complex are thus predicted to have arisen as a result of
dispersal and/or vicariance (cf. Brooks & McLennan 1991;
Avise 1994). Millions of years of continental drift, changes in
sea level, climate, etc., would result in reproductively isolated
endemic populations. In turn, prolonged isolation and inde-
pendent evolution of regional groups could be ‘recorded’ in
the genomes of their descendants given the processes of
genetic drift (i.e. neutral mutation) and selection (Ayala &
Kiger 1980).

Present-day genetic affinities of globally distributed
A. tamarense/catenella/fundyense depend on whether these
species descended from independently evolved, distinct
ancestral lines (‘polyphyletic radiation,” Fig. 2a), or from a
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more recent, common ancestor that included, or gave rise to,
multiple morphotypic forms (‘monophyletic radiation,’
Fig. 2b). In both cases, globally distributed endemic popu-
lations could include one or more morphospecies, and each
population may appear genetically divergent. However, if the
progenitors of A. tamarense, A. catenella, and A. fundyense
arose polyphyletically (Fig. 2a), then the different morpho-
types should always be distinguishable at a subcellular level.
Overall, their combined phylogenies should reflect the evol-
ution of morphospecies — each morphotype ascribed by a
single ancestral line whose terminus (or termini) consists
exclusively of one morphospecies. Alternatively, if 4. tamar-
ense, A. catenella and A. fundyense arose monophyletically
(Fig. 2b), then descendants of the same regional population
should be most closely related, irrespective of their morpho-
species designations. In the latter case, the phylogeny should
reflect regional populations (strains or varieties) which may
or may not share the same morphotype(s).

Sequence analysis of evolutionarily variable SSU and LSU
rDNA sequences (variable domains) provides data useful in
testing these predictions. Variable domains are subject to
accelerated rates of nucleotide change and may ascribe species
or even strain-specific genetic markers (e.g., Gobel et al. 1987,
McCutchan et al. 1988; Lenaers et al. 1991). Such sequences
are powerful tools for resolving evolutionary events that
occurred in the geological past and are thus useful in testing
the models presented in Fig. 2. The 5" portion of LSU rDNA
is valuable in this regard as it encompasses the so-called D1
and D2 domains, some of the most rapidly evolving portions
of rRNA-encoding, eukaryotic DNA, interspersed among
conserved sequence positions (Mitchot ez al. 1984; Mitchot &
Bachellerie 1987; Lenaers et al. 1989, 1991). The phylogeny
‘shown in Fig. 1 is based on this portion of LSU rDNA, and
is most consistent with the monophyletic radiation model
(Fig. 2b). This conclusion is based on several facts: that
representatives of the tamarensis complex are monophyletic
with respect to other dinoflagellate genera (Lenaers et al.
1991), as well as the closely related congeners A. affine Fukuyo
et Inoue, A. minutum Halim, A. lusitanicum Balech and
A. andersonii Balech (Scholin et al. 1994); that distinct but
co-occurring morphospecies can have similar (or identical)
rDNA sequences (e.g. North American A. tamarense/cat-
enella/fundyense versus temperate Asian A. tamarense/
catenella); and that the overall tree topology is one of geogra-
phy, not morphology (Fig. 1). Observations similar to the
latter have been used to support dispersal and vicariance
biogeography among a wide variety of organisms, including
marine algae, barnacles, fishes, oysters, horseshoe crabs, terra-

pins, chickadees and humans (Lynch 1989; van den Hoek
et al. 1990; Brooks & McLennan 1991; Avise 1992, Gill et al.
1993; Nei & Roychoudhury 1993; Avise 1994; van Oppen
et al. 1994; Van Syoc 1994).

Validation of the B gene as a population-specific genetic
marker

The biogeography of isolates found to carry the B gene
(Table 1) also supports a monophyletic radiation of the tamar-
ensis group. First, the B gene is found in all three morpho-
types, consistent with the notion of a common ancestor.
Second, the B gene is only associated with one ribotype,
termed North American (so named because of the predomi-
nance of isolates from that region; Scholin et al. 1994a). This
suggests that the B gene and only ore of the LSU rDNA
sequence types share a common evolutionary history (Fig. 1).
According to our model, this particular combination thus
ascribes only one of the many tamarensis complex lineages
proposed to have arisen over the course of millions of years
(i.e. delineates descendants of a unique regional population;
Fig. 2b). Third, the B gene is found in all North American
isolates examined to date, but only in a fraction of those from
Japan and ship ballast water (Table 1). The latter observation
is suggestive of a dispersal of B gene-containing 4. tamarense
between North America and Japan, and secondarily (as cysts
in ballast water) from Japan to Australia (see below).

The strengths of these supporting observations rest on the
supposition that the B sequence is unique to only one evol-
utionary lineage of A. tamarense/catenella/fundyense found
throughout the world. To examine this idea more rigorously,
we considered the relative age of the B gene and its population
specificity in the context of two conflicting hypotheses:

(1) The B gene appeared ‘late’ in the evolutionary history of
the tamarensis species complex (e.g. within the last several
million years), and is a unique, population-specific marker
with a restricted geographic distribution.

(2) The B gene appeared ‘early’ in the evolutionary history
of the tamarensis species complex (e.g. tens of millions of
years ago or more), and is widely distributed in popu-
lations inhabiting different regions of the world.

The first hypothesis predicts that the B gene is unique to the
North American ribotype, while the second predicts that
B-like genes occur in multiple LSU ribotypes and are pan-
demic among geographically isolated populations.
Distinguishing between these possibilities required sampling
other portions of the SSU rDNA molecules not targeted in

-—

Fig. 2a,b. Hypothetical models accounting for the evolution of the A. tamarense/catenella/fundyense species complex, and their respective
phylogenetic predictions. For simplicity, the models consider only catenelloid and tamarensoid morphotypes. Primordial populations of
A. tamarense/catenella (‘protocat’ and ‘prototam,’ respectively) are presumed to have dispersed to various regions of the world over millions
of years and to have subsequently diverged, giving rise to morphologically similar, genetically distinct, regional populations (numbered 1-3).
Present-day phylogenetic relationships of the morphotypes and their correspondence to geographic populations are hypothesized to depend on:
(a) whether the organisms arose from distinct ancestral lines (‘Polyphyletic Radiation’); or, (b) whether the organisms radiated from a more
recent, common ancestor (‘Monophyletic Radiation’). Hypothetical rDNA phylogenetic trees illustrate the expected outcomes for each model;
in both cases, endemic, regional populations are predicted to be divergent. However, a polyphyletic radiation predicts that the overall tree
topology resolves morphospecies, and that different morphotypes should always appear genetically divergent even in regions where they co-occur.
In contrast, a monophyletic radiation predicts that the overall tree topology resolves distinct geographic populations (strains or varieties);
descendants of the same regional population will appear most closely related, regardless of their morphospecies designation. These predictions

assume no lateral gene transfer.
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the original RFLP assay. To accomplish this task, we PCR-
amplified SSU rDNA from isolates representing divergent
LSU ribotypes and used each isolate’s pool of PCR product
as template in sequencing reactions. Figure 3 illustrates the
type of results that were obtained. The region of the SSU
molecule examined includes both evolutionarily variable and
conserved sequences, encompasses multiple nucleotide differ-
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ences in the SSU A and B genes, and is bracketed by restriction
sites used in the A/B restriction tests (Sogin & Gunderson
1987; Scholin ez al. 1993; Scholin & Anderson 1994). The A
and B genes are clearly visible in rDNA from the North
American A. fundyense as seen by the ambiguities that result
from the presence of both genes (Fig. 3); a total of 7 transver-
sions, 4 transitions and 3 single base-length differences were
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Fig. 3. Direct sequencing of PCR-amplified SSU rDNA from North American (4. fundyense; GtCA29), western European [4. tamarense; Pgt
183 (1) and PE1V (2)], Tasmanian (4. tamarense; ATBBO01/2) and temperate Asian (4. catenella; ACPPO1) LSU rDNA ribotype representatives
using the magnetic bead technique. Two western European isolates were included because ‘1’ is non-toxic, while ‘2’ may produce trace amounts
of toxin. Partial sequences of the A and B genes from GtCA29 (positions 805-845; Scholin ez al. 1993) and their correspondence to that
sequencing ladder are shown; arrows denote ambiguities and a single base length heterogeneity (T/*) expected if both genes are present. Multiple
classes of SSU rDNA are seen in the North American strain, but are not observed in strains representative of other regional populations.
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visualized using this procedure, all in agreement with previous
determinations (Scholin ez al. 1993). In contrast, all remaining
isolates showed no evidence of these ambiguities and length
heterogeneities, nor others indicative of multiple classes of
SSU rDNA. When these results are combined with those of
the RFLP tests (Scholin & Anderson 1994), a total of 17
positions that delineate the SSU A/B pair were sampled for
each isolate compared.

Results of this study suggest that the B gene is not an
‘ancient sequence’ that has been differentially preserved in
widely distributed populations. Rather, we favour the idea
that it appeared ‘late’ in the evolutionary history of the
tamarensis group [hypothesis (1)]. The B gene in our view is
therefore indicative of a group of organisms that have
descended from a unique regional population — a group that
was geographically isolated and that evolved independently
from other globally distributed ramarensis complex rep-
resentatives.

Endemism or dispersal?

A prediction of the monophyletic radiation hypothesis is that
descendants of the same regional population are genetically
similar, whereas those of different populations are genetically
distinct, regardless of morphotype (Fig. 2b). In the absence
of dispersal, distinct ribotypes of the tamarensis complex
should thus be limited in their global distribution. If dispersals
occur, however, then the pattern of genetically distinct, geo-
graphically separate populations is predicted to break down:
dispersed populations will harbour morphotypic and genetic
signatures indicative of the region from which they descended,
but inhabit a different location from that of their parent
population. Patterns of indigenous and introduced flora may
thus be inferred by defining phylogenetic relationships of
extant populations, and by viewing those continuities or
discontinuities in the context of geography, the historic record,
and potential natural or human-assisted dispersal mechanisms
(cf. Wiley 1980; Avise 1994). Using this approach, we have
revealed what appear to be examples of both endemic and
dispersed (introduced) Alexandrium populations.

Possible origins of eastern and western North American
A. tamarenselcatenella/fundyense

The first written account of PSP poisonings in North America
dates back to 1793, during Captain George Vancouver’s early
exploration of present day British Columbia (Quayle 1969).
Written accounts of PSP poisonings in eastern Canada begin
in 1889 (cited in Prakash ez al. 1971). However, it is well-
known that the indigenous human population inhabiting both
shores of North America knew of the hazards associated with
eating shellfish, and thus it is widely accepted that PSP is
endemic to North America (Meyer ez al. 1928; Prakash
et al. 1971).

PSP was not ascribed to a specific organism on the east
coast until 1961 (Prakash ez al. 1971) and on the west coast
until 1965 (Quayle 1969). The causative organisms are now
known as A. tamarense, A. catenella and A. fundyense. Alexan-
drium catenella is found exclusively on the west coast, and
with one possible exception (strain PI32) A. fundyense is
found only on the east coast. It should be noted that some
taxonomists suggest that 4. fundyense is a non-chain-forming

variety of A. catenella (Hallegraeff et al. 1991; Y. Fukuyo,
personal communication). Alexandrium tamarense occurs on
both coasts.

Since the early Mesozoic (~250 Ma) the North American
continent has been a barrier to, as well as a conduit for, the
dispersal of marine organisms (Berggren & Hollister 1974;
Marincovich et al. 1990; Thiede et al. 1990). During the late
Cretaceous (~ 100 Ma), the Arctic Ocean is believed to have
had connections to the Pacific and Tethys seas, but by the
end of the Cretaceous became almost completely isolated
from each (Marincovich et al. 1990, Thiede et al. 1990). A
connection to the North Atlantic is believed to have opened
sometime during the Paleogene (~40-50 Ma), providing the
means for Atlantic fauna to enter the Arctic. The Pliocene
opening of the Bering Strait (~3 Ma) then produced the most
dramatic change in the composition of Arctic marine organ-
isms: North Pacific species flooded the Arctic, largely displac-
ing other organisms of Atlantic origin, while a limited number
of Arctic-Atlantic species apparently entered the Pacific via
the same seaway (Marincovich ef al. 1990). These geologic
and palaeoceanographic events took place when the Arctic
climate was much milder than present — the region was
seasonally temperate and free of an ice cap (Berggren &
Hollister 1974; Clark 1990; Marincovich et al. 1990; Thiede
et al. 1990).

The coming and going of seaways described above occurred
in a time frame relevant to the evolution and palaeodispersal
of A. tamarense, A. catenella and A. fundyense (Taylor 1980,
1984, 1987). Therefore North American populations of these
species could have descended from Pacific, Tethyan or Atlantic
realms, and ample opportunity existed for them to become
omnipresent from the Bering Strait to the Labrador sea.
However, with the onset of ice-cap formation such a popu-
lation could have become restricted to eastern and western
shores. Consequently, genetic divergence of these two groups
may have begun no later than several million years ago
(Fig. 4). Similar scenarios have been proposed to explain the
distributions and relationships of other marine algae con-
sidered indigenous to North America (e.g. Estes & Steinberg
1988; van den Hoek et al. 1990; Peters & Breeman 1992;
Hommersand et al. 1994; van Oppen et al. 1994).

Eastern and western North American representatives of the
tamarensis complex (12 and 7 isolates examined to date
respectively) share a very high degree of rDNA similarity:
both harbour the B gene and belong to the North American
ribotype. However, representatives of the two populations
are distinguishable on the basis of fine-scale SSU and LSU
rDNA characteristics (Fig. 1, Table 1). These observations are
consistent with the hypothesis that eastern and western popu-
lations descended from the same parental stock, but also had
sufficient time to accrue unique mutations.

Explanations for Japanese A. tamarense/catenella genetic
heterogeneity

In contrast to North America, PSP toxicity was unknown
in Japan until 1948 (Anraku 1984). Toxicity caused by
A. tamarense and A. catenella was only confirmed in 1975
and 1976 respectively (Murano 1975; Hashimoto 1976). The
recent appearance of PSP in Japan is noteworthy, given the
high consumption of seafood and extensive farming of local
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Fig. 4. Global map summarizing known distributions of A. tamarense (t), A. catenella (c), and A. fundyense (f), representatives of these
populations brought into culture and used in this investigation (circled), hypothesized natural dispersal routes (hollow arrows), and possible
human-assisted dispersal vectors (e.g., intercontinental transfers by ship ballast water and/or exchange of shellfish stocks; solid arrows).

waters in that country. An illustration by Oda (1935) of a
Diplopsalis species probably refers to 4. tamarense (G. Halleg-
raeff, personal observation). Work by Hirasaka (1923) pub-
lished nearly two decades earlier indicates a possible earlier
occurrence of A. catenella. These observations suggest that
both A. tamarense and A. catenella may be among the ‘hidden
flora’ whose growth has only recently been enhanced in
Japanese coastal waters. However, the genetic heterogeneity
among multiple isolates of these species examined thus far
(Fig.1, Table 1) suggests that they also descended from differ-
ent primordial populations — a pattern indicative of dispersal.
The occurrence of the B gene-containing North American
ribotype 4. tamarense in Japanese waters is especially note-
worthy in this regard.

Natural and human-mediated dispersals are both plausible
mechanisms to explain this pattern. A prediction of the
natural dispersal scenario is that extant populations of 4. tam-
arense found between Japan and North America should share
a high degree of genetic similarity. Alexandrium tamarense
recently isolated from the Kamchatka Peninsula of Russia
(between the Bering Strait and northern Japan) agree with
this prediction, harbouring both the B gene and North
American ribotype (unpublished data). Also of note is that

© 1995 International Phycological Society, Phycologia, 34, 472-485

some A. tamarense isolated from Ofunato Bay, Japan, are
genetically similar to their counterparts from eastern and
western North America, but are distinguishable as a unique -
cluster on the basis of fine-scale LSU rDNA sequence differ-
ences (the ‘alternate North American’ ribotype; Fig. 1,
Table 1). As above, such fine-scale differences are consistent
with a divergence of these groups in the recent geological past
(e.g. within the last several million years).

In addition to natural dispersal, there is also good reason
to believe that 4. tamarense was introduced to Japan by
human activity over the last 50 years. For example, the
exchange of shellfish stocks between British Columbia and
Japan (Taylor, personal communication), and increased ship-
ping between Japan and other countries of the world are
potential mechanisms whereby such transfers could occur
(Fig. 4; Anderson 1989; Hallegraeff & Bolch 1992). Some
A. tamarense found in Japan are identical to eastern North
American and western European isolates with respect to their
SSU and LSU rDNA characteristics, an observation consist-
ent with introductions in modern times. As the populat-
ion structure of A. tamarense/catenella/fundyense inhabiting
North America, Asia and elsewhere becomes more rigorously
defined and genetic variation within these populations docu-
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mented, it may be possible to distinguish between natural
and human-assisted dispersals. In either case, we view
co-occurrence of multiple tamarensis complex ribotypes in
Japanese coastal waters as the result of secondary contact of
regional populations previously isolated for millions of years.

Potential dispersal of toxic Alexandrium species to Australia

The history of PSP toxicity in Australia has similarities to
that of Japan. In Australia, incidences of PSP resulting from
A. catenella and A. minutum were first confirmed in 1986
(Hallegraeff et al. 1988). Prior to that time, there is only a
single accourit of suspected PSP toxicity (Le Messurier 1935),
but the causative species was never identified. A taxono-
mic survey of Australian dinoflagellates published by Wood
(1954) includes a chain-forming species, Gonyaulax conjuncta
Wood, which most likely is a mis-identified 4. catenella
(G. Hallegraeff, personal observation). However, the recent
appearance of conspicuous blooms of toxigenic dinoflagellates
adjacent to major shipping ports is noteworthy (Hallegraeff
et al. 1991; Hallegraeff & Bolch 1992). Once again, one is
confronted with difficulties distinguishing between recent dis-
persal (in this case by ships’ ballast water) and the possibility
that a ‘hidden flora’ has become a more visible part of the
phytoplankton community. Sequence analysis of rDNA from
Australian A. tamarense and A. catenella is one way to address
this question: endemic populations may have a unique genetic
signature relative to others in the world, while an introduced
population would have a genetic signature indicative of the
population from which it dispersed.

The non-toxic A. tamarense isolated from Tasmania is
“unique, being the sole representative of the Tasmanian
ribotype (Fig. 1, Table 1). In that sense, it conforms to our
theoretical notion of a hidden flora. In contrast, rDNA
sequences of Australian and Japanese A. catenella are very
similar. The heterogeneity within and between these two
regional populations is less than that observed in the North
American cluster, suggesting that Japanese and Australian
A. catenella have recently descended from the same parental
stock. Natural dispersal of Alexandrium from Asia to
Australia cannot be ruled out. For example, reductions of sea
level and equatorial sea surface temperatures during the last
Pleistocene glacial maximum (c. 18000 years ago) may have
provided a means by which this could have occurred (Potts
1983; Fleminger 1985; van Oppen et al. 1994). As above, this
natural dispersal predicts a genetic continuity of 4. tamarense/
catenella populations along the expected route (Fig.4).
Alexandrium catenella recently isolated from the coast of
China agree with this prediction, as they belong to the
temperate Asian ribotype (unpublished data).

Alternatively, Hallegraeff & Bolch (1991, 1992) conclusively
demonstrated that viable A. tamarense/catenella resting cysts
have been discharged from the ballast tanks of cargo vessels
into Australian ports. Some vessels are known to have carried
these cysts from documented blooms in Japan and Korea
(Table 1). The occurrence of temperate Asian ribotype
A. catenella cysts in ballast water from southern Japan are
significant, since they are identical to those isolated from
established populations of this species in both Japan and
Australia. The occurrence of eastern North American ribotype
A. tamarense in the ballast water of a ship that originated in

Japan is also of particular interest. This vessel had never been
to North America, yet it contained A. tamarense cysts whose
rDNA is indistinguishable from that obtained from other
eastern North American ribotype representatives (Fig. 1,
Table 1). We suspect this ribotype was introduced to Japan
from a North Amercian population in modern times, and has
subsequently been transported to Australia as cysts in ship
ballast water. To date, free-swimming cells of North American
ribotype A. tamarense are unknown in Australia.

Ballast water samples show that viable toxigenic Alexan-
drium cysts are dispersing as a direct result of human activity,
and serve to illustrate how a region can be ‘seeded’ with
genetically distinct A4. tamarense and A. catenella from a
variety of regional populations (Fig. 4, Table 1). If the intro-
duced cysts ultimately give rise to blooms in Australia, then
resulting ‘founder’ populations should reflect the morphologi-
cal, biochemical and genetic signatures of their parents; that
is, the regional populations from which they originated (e.g.
Geller 1994). On-going dispersal of toxic Alexandrium cysts
to Australia may serve as a contemporary example of what
might have occurred in Japan.

CONCLUSIONS

Use of the species designations, A. tamarense, A. catenella
and A. fundyense, is an indispensable means of conveying a
sense of what these organisms look like. For that reason alone
we submit that morphological-based descriptions should never
be replaced by a classification scheme based purely on molecu-
lar criteria. However, in some cases recognition of these
species’ subcellular characteristics (toxin composition, genetic
or immunogenic profiles, etc.) is necessary when morphologi-
cal criteria fail to provide adequate resolution of the organisms
in question (see also Anderson et al. 1994). This communi-
cation exemplifies the latter, because both morphological and
subcellular characteristics are relevant to reconstructing the
organisms’ evolution and dispersal.

We believe that the long-standing disagreements over
A. tamarense, A. catenella and A. fundyense morphospecies
designations and their confusing relationship to subcellular
characteristics and geographic populations are rooted in the
organisms’ natural history — a period of time in which the
earth has seen dramatic climatic changes, alterations of sea
level, the opening and closing of seaways, and an increase in
intercontinental shipping. It seems undeniable that such pro-
cesses have affected the primordial biogeography of popu-
lations in the ancient and recent geological past, with further
changes resulting from human activity only within the last
few centuries. The monophyletic dispersal hypothesis (Fig. 2b)
offers a genetic reference from which to view dispersal path-
ways in the light of problems based largely on morphotaxon-
omy. However, rDNA data alone may be insufficient to
distinguish whether dispersals occurred thousands of years
ago by natural immigrations, or are a result of recent human
activity (ballast water transport or relays of shellfish stocks).
The uncertainty of dispersal timing stems from the relatively
slow rate at which rDNA evolves and a lack of fossil evidence.
Focusing on portions of the genome known to accrue
mutations at a higher frequency than SSU or LSU rDNA
may improve estimates of dispersal timing. Also of tremen-
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dous value are numerous case studies concerning the evolution
and global dispersal of other marine organisms whose bioge-
ography is similar to that of the tamarensis complex (e.g.,
Berggrer: ¢t al. 1985; Newton 1988; Bot et al. 1990; Cambridge
et al. 1990; Prud’Homme van Reine & van den Hoek 1990;
van den Hoek & Breeman 1990; Lindberg 1991; Peters &
Breeman 1992; Breeman & Pakker 1994; van Oppen et al.
1994; Wiencke et al. 1994).

As the genetic relationships of additional, globally distrib-
uted populations are characterized, further inference of
ancient and recent dispersals may be possible. Of particular
interest are regions affected at present by toxic 4. tamarense
or A. catenella blooms that have no long-term history of such
events (e.g. Australia, South America), regions where the
debate over a change in a species abundance versus human-
assisted introduction is perhaps greatest. The conceptual
framework outlined here may be of use in delineating
‘endemic’ and ‘introduced’ species in these areas with appro-
priate reference to genetic data, the historic record, and
consideration of any recent, localized alterations of the coastal
environment (e.g. aquaculture, eutrophication, ballast water
discharge).
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