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The toxic dinoflagellate Gymnodinium catenatum
Graham has formed recurrent toxic blooms in south-
eastern Tasmanian waters since its discovery in the
area in 1986. Current evidence suggests that this spe-
cies might have been introduced to Tasmania prior
to 1973, possibly in cargo vessel ballast water carried
from populations in Japan or Spain, followed by re-
cent dispersal to mainland Australia. To examine this
hypothesis, cultured strains from G. catenatum pop-
ulations in Australia, Spain, Portugal, and Japan were
examined using allozymes and randomly amplified
polymorphic DNA (RAPD). Allozyme screening de-
tected very limited polymorphism and was not useful
for population comparisons; however, Australian,
Spanish, Portuguese, and Japanese strains showed
considerable RAPD diversity, and all strains exam-
ined represented unique genotypes. Multidimension-
al scaling analysis (MDS) of RAPD genetic distances
between strains showed clear separation of strains
into three nonoverlapping regional clusters: Austra-
lia, Japan, and Spain/Portugal. Analysis of genetic
distances between strains from the three regional
populations indicated that Australian strains were al-
most equally related to both the Spanish/Portuguese
population and the Japanese population. Analysis of
molecular variance (AMOVA) found that genetic var-
iation was partitioned mainly within populations
(87%) compared to the variation between the regions
(8%) and between populations within regions (5%).
The potential source population for Tasmania’s in-
troduced G. catenatum remains equivocal; however,
strains from the recently discovered mainland Aus-
tralian population (Port Lincoln, South Australia,
1996) clustered with Tasmanian strains, supporting
the notion of a secondary relocation of Tasmanian
G. catenatum populations to the mainland via a ship-
ping vector. Geographic and temporal clustering of
strains was evident among the Tasmanian strains, in-
dicating that genetic exchange between neighboring
estuaries is limited and that Tasmanian G. catenatum
blooms are composed of localized, estuary-bound
subpopulations.

Key index words: allozyme; ballast water; dinofla-
gellate; DNA; genetic variation; Gymnodinium cate-

natum; isozyme; multidimensional scaling; popula-
tion genetics

Abbreviations: AMOVA, analysis of molecular vari-
ance; MDS, multidimensional scaling

The known global distribution of the chain-form-
ing, toxic dinoflagellate Gymnodinium catenatum Gra-
ham has increased rapidly over the last decade. First
described from the Gulf of California in 1943 (Gra-
ham 1943), it was subsequently reported from Ar-
gentina in 1961 (Balech 1964) and Japan in 1967
(Hada 1967, as Gymnodinium sp. A3). Gymnodinium
catenatum was first linked with paralytic shellfish poi-
soning (PSP) outbreaks in Mexico in 1979 (Mee et
al. 1986) and was retrospectively identified as the
causative organism of PSP episodes in Spain in 1976
(Estrada et al. 1984). Further PSP episodes in Tas-
mania in 1986 (Hallegraeff et al. 1989), Portugal
(Franca and Almeida 1989), Japan (Ikeda et al.
1989), and Venezuela (La Barbera-Sanchez et al.
1993) have now been clearly attributed to G. cate-
natum. This dramatic increase in global distribution
might be the result of increased recognition of a
cryptic species present as part of the ‘‘hidden flora’’
but might also represent recent dispersal to new ar-
eas (Hallegraeff 1993).

In Australia, Gymnodinium catenatum was first rec-
ognized in 1986 in southeastern Tasmania, where it
was responsible for the first definitive Australian cas-
es of human PSP intoxication and the closure of
commercial shellfish farms (Hallegraeff and Sum-
ner 1986). Recurrent blooms have since caused reg-
ular farm closures for periods of up to 6 months
(Hallegraeff et al. 1989, 1995). Examination of his-
torical plankton samples has indicated that G. cate-
natum has been present in southern Tasmania since
at least 1980; however, surveys for the distinctive
resting cysts in dated (210Pb, 137Cs) sediment cores
indicate that the cyst was not present in the area
before 1973 (McMinn et al. 1997). These core data,
combined with the unusual disjunct global distri-
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bution of G. catenatum during the 1980s, led to the
hypothesis that this species was introduced to Tas-
mania prior to 1972 (McMinn et al. 1997, Halle-
graeff and Fraga 1998).

Two potential introduction vectors have been pro-
posed: (1) via ship’s ballast water discharges from
populations in Japan/Korea (wood-chip carriers vis-
iting Triabunna, Eastern Tasmania, since 1971) or
from Spain/Portugal (fruit export vessels visiting
the Huon Estuary during the 1960s) or (2) associ-
ated with the introduction of the Pacific oyster from
Japan into Pittwater in southeastern Tasmania in
1943 (McMinn et al. 1997). The feasibility of ballast
water dispersal for G. catenatum was demonstrated
by an extensive Australia-wide survey of ship ballast
water samples that confirmed that 5% to 6% of all
ships contained viable toxic dinoflagellate cysts of
both Alexandrium spp. and G. catenatum (Hallegraeff
and Bolch 1992). Despite the strong circumstantial
evidence of introduction, the probable source pop-
ulation for Tasmanian G. catenatum remains unclear.

Molecular genetic methods that can discriminate
between strains of G. catenatum might provide ad-
ditional data to further support or refute the recent
Australian introduction hypothesis and to assist in
tracing the global dispersal of this species. In addi-
tion, molecular methods can provide a useful in-
sight into the level of genetic diversity, the level of
population clonality, and the genetic structure of
populations of coastal dinoflagellates.

Few genetic studies of phytoplankton have been
conducted at the population level (e.g. Gallagher
1980, the diatom Skeletonema costatum; Medlin et al.
1996, the coccolithophorid Emiliania huxleyi), and
even fewer have examined marine dinoflagellates.
To date, studies have focused on regional and in-
tercontinental variation. The comparison of ribo-
somal RNA gene sequences (rDNA) of dinoflagel-
lates has been successful in discriminating geo-
graphic groups of Alexandrium tamarense and A. ca-
tenella (e.g. Adachi et al. 1994, 1996, Scholin et al.
1995), but preliminary studies with a few strains of
G. catenatum from different global populations have
shown very limited variation (Adachi et al. 1997).

Recent studies have shown that a PCR-based DNA
fingerprinting technique called randomly amplified
polymorphic DNA (RAPD) is able to discriminate
individual strains of G. catenatum (Adachi et al. 1997,
Bolch et al. 1998). Using allozymes and RAPD-PCR,
the present study examines genetic diversity be-
tween strains of G. catenatum from Tasmania and
three other likely source populations: Japan, Spain,
and Portugal. In addition, we examine genetic var-
iation within and between estuarine Tasmanian pop-
ulations isolated during the previous decade to aid
understanding of the population structure and dy-
namics of this economically important toxic dinofla-
gellate.

MATERIALS AND METHODS

Culturing. The origin and isolation details of dinoflagellate
strains and additional G. catenatum strains isolated from Japan,
Spain, and Portugal are shown in Table 1. Dinoflagellate strains
were isolated by micropipette from plankton samples or from ger-
minated cysts isolated from sediment samples collected from sev-
eral locations in southeastern Tasmanian and mainland Austra-
lian waters (Fig. 1): the Derwent River Estuary (DE); the Huon
River Estuary (HU); Hastings Bay (HA); Spring Bay, Triabunna
(TRA); and Port Lincoln, South Australia (PTL). All Australian
strains were established from single cells or single chains. All G.
catenatum strain names carry a GC prefix, which has been omitted
for simplicity. Stock cultures were maintained in 40 mL of GSe
medium (28 g·kg21 salinity) (Blackburn et al. 1989) in 50-mL
Erlenmeyer flasks at 178 C and 80 mmol PAR·m22·s21 and a 12:12
h LD (light:dark) cycle. The two gymnodinoid species with similar
morphological features, Gyrodinium uncatenum Hulbert and Gyro-
dinium impudicum Fraga (e.g. similar apical groove type and chain-
forming habit in G. impudicum), were included in the analyses for
comparative purposes.

Allozymes. Cultures of selected G. catenatum strains (Table 1)
were grown to late logarithmic phase and 100 mL harvested by
centrifugation and washed in Tris-HCl buffer (pH 8.0). The cell
mass was sonicated on ice twice for 10 s. Cell extracts were used
immediately for allozyme studies. Two electrophoretic systems
were used as described by Bolch et al. (1993). The following six
enzymes were found to have poor activity or were not clearly re-
solved and were not examined further: amino peptidase (Leu-
Gly-Gly substrate, PEP1), amino peptidase (Leu-Tyr substrate,
PEP2), glycerol-3-phosphate dehydrogenase (G3PDH), fumarate
hydratase (FH), isocitrate dehydrogenase (IDH), and malic en-
zyme (ME). Eleven enzymes produced visible, well-resolved and
consistent banding patterns: acid phosphatase (ACP), aldolase
(ALD), amino peptidase (Phe-Ala-Leu substrate, PEP3), esterase
(a-naphthyl acetate substrate, EST), esterase-D (umbeliferyl ace-
tate substrate, ESTD), glucose-6-phosphate dehydrogenase
(G6PDH), glucose phosphate isomerase (GPI), lactate dehydro-
genase (LDH), malate dehydrogenase (MDH), phosphogluco-
mutase (PGM), and superoxide dismutase (SOD). All enzymes
were repeated at least twice with independent cell extractions to
confirm electrophoretic mobility variation.

DNA extraction. Cultures were grown to late logarithmic phase
under the conditions described and 15 mL harvested by centri-
fugation at 2000 3 g for 5 min. Growth media were decanted and
the cells resuspended in 400 mL of sterile distilled water to lyse
the cells. The lysate was transferred to a 1.5-mL centrifuge tube,
50 mL of 10% SDS were added, and this was gently mixed by
pipette. Then 50 mL of 100 mM STE buffer (100 mM Tris, 100
mM EDTA, 100 mM NaCl, pH 8.0) were added (Scholin and
Anderson 1994). Cell lysates were extracted twice with 500 mL of
Tris-buffered phenol:chloroform:isoamyl alcohol (25:24:1) and
once with 500 mL of chloroform:isoamyl alcohol (24:1). DNA was
precipitated by the addition of 1/10 volume of 3M sodium acetate
(pH 5.0) and two volumes of cold ethanol. DNA was pelleted by
centrifugation, air-dried, redissolved in 200 mL of TE buffer, and
reprecipitated by the addition of 200 mL of NaCl-1.6M NaCl, 13%
(w/v) polyethylene-glycol 8000 (PEG). The PEG-precipitated
DNA was repelleted by centrifugation, washed with 70% ethanol,
and dried and resuspended in 200 mL of distilled water. Coex-
tracted polysacharrides were removed by precipitation in the pres-
ence of 2M NaCl (Fang et al. 1992). Extracts were stored at 2208
C until used for PCR.

PCR and agarose gel electrophoresis. DNA aliquots were checked
for quality and purity by gel electrophoresis and diluted to an
approximate concentration of 5 ng·mL21 (by gel standard com-
parison) for RAPD analyses. Initial screening for suitable primers
was carried out using strains JP01, HU15, DE9305, and SP04. A
total of 160 random 10-mer primers (sets OPB, G, H, I, J, K, P,
and Q; Operon Technologies, Almeida, California) were
screened. Primers producing clear, reproducible, polymorphic
banding patterns were used for subsequent analyses (Table 2).
Replicate reactions of various primer/strain combinations were
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FIG. 1. Geographic origin of Australian strains of G. catenatum
used in this study.

carried out to assess the reproducibility of RAPD patterns gen-
erated. The PCR amplifications were carried out in 20-mL vol-
umes using thin-walled 200-mL reaction tubes (Quantum Special-
ised Plastics, Brisbane, Australia). Reactions contained 25 ng of
genomic DNA, 0.5 U of Taq DNA polymerase (Advanced Bio-
technologies, Surrey, United Kingdom), 3.0 mM MgCl2, 200 mM
of each dNTP (Promega, Madison, WI), 3 mL of bovine serum
albumin (1 mg·mL21, Boehringer-Mannheim), and 0.5 mM of
primer using PCR buffer IV (Advanced Biotechnologies, 200 mM
[NH4]2SO4, 750 mM Tris-HCl, pH 9.0, 0.1% Tween). Amplifica-
tions were performed in a Perkin-Elmer/Cetus GeneAmp 9600
thermocycler using the fastest possible transition times as follows:
2 min of 948 C denaturation followed by 40 cycles of 948 C for 10
s, 408 C for 50 s, and 728 C for 2 min and a final extension step
of 8 min. The entire 20-mL volume was loaded and electropho-
resed for 1200 v h through 1.5% agarose (Molecular Biology

Grade, Promega, Madison, WI) dissolved in 1 3 TBE buffer con-
taining 0.2 mg·mL21 of ethidium bromide. Gels were illuminated
with UV light and photographed with Polaroid 665 positive/neg-
ative instant film.

Data analysis. All strains were scored for the presence (scored
as 1) or absence (scored as 0) of comigrating RAPD bands to
produce a binary matrix of bands for each primer. All visible
bands were scored between 2000 bp and 250 bp. Band frequen-
cies among the strains examined were calculated (Table 2), and
those present among G. catenatum strains at a frequency (F) ,0.10
(effectively present in three G. catenatum strains or less) were con-
sidered unreliable markers and excluded from the analyses (see
Table 2). Primer matrices were combined, and a pairwise euclid-
ean distance matrix was calculated using the SYSTATt Version
5.1 statistical software package.

The distance matrix was subjected to multidimensional scaling
(MDS) analysis (Kruskal 1964) in two dimensions using SYSTATt,
with the two outgroup species included. The MDS analysis was
repeated in three dimensions, with G. catenatum strains only, to
obtain an even dispersion of G. catenatum strains and to avoid
clustering distortions induced by the outgroups; this provided a
‘‘better fit’’ to the distance matrix as estimated from the ‘‘Kruskal
stress’’ of the final configuration (Kruskal 1964). The averages
and standard deviations of pairwise euclidean RAPD distances
within and between species and populations were calculated and
tabulated (Table 3).

To examine the subdivision and patterns of genetic variance
within and between the sample populations, analysis of molecular
variance (AMOVA) was carried out with AMOVA Version 1.55
(Excoffier et al. 1992) according to the procedure for RAPD data
described by Huff et al. (1993). The test statistic FST is analogous
to Wright’s FST (Wright 1951). Strains were grouped according to
their isolation location and then into three regional groups: Aus-
tralia, Japan, and Spain/Portugal. Australian strains were subdi-
vided into Huon/Hastings (southern-southeastern Tasmania),
Derwent (northern-southeastern Tasmania), Triabunna (eastern
Tasmania), and Port Lincoln (mainland Australia) populations
(Table 4). Pairwise distances (measured by FST) among regions
(Japan, Spain/Portugal, and Australia) and among individual un-
grouped population samples were calculated. Population differ-
entiation significance levels were obtained by nonparametric per-
mutation using 9999 iterations (max. allowable using AMOVA
Ver. 1.55; Excoffier et al. 1992).

RESULTS

Allozyme diversity. Allozyme variation was found to
be exceedingly low among the 12 G. catenatum
strains examined. Of the 11 enzymes that produced
well-resolved and consistent banding patterns, only
one reproducible polymorphism was noted. The
Portuguese strain PT01 possessed a slower migrating
GPI allele from all other strains.

RAPD genetic diversity. The 31 strains of G. cate-
natum spanned four Japanese blooms from two sites,
one Portuguese bloom, one Spanish bloom, one
Port Lincoln bloom, and eight Tasmanian blooms
from four collection sites between January 1986 and
May 1996. Therefore, these strains represent a high-
ly diverse sample.

The 11 primers used in this study amplified a total
of 375 scorable bands. Primers produced, on aver-
age, 34 distinct bands per primer, ranging between
3 and 15 bands per strain. The RAPD-PCR reactions
were generally found to be highly reproducible,
showing essentially the same banding pattern in re-
peated amplifications. Some primers showed varia-
tion in faint-scored bands, resulting in an average
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TABLE 2. RAPD Band frequencies of strains examined. * Bonds excluded from AMOVA analysis.

Primer
Total bands

(Nt)

Polymorphic bands (Np)

F . 0.95 0.95 , F . 0.50 0.10 . F , 0.50 0.10 , F . 0.0*
Bands unique
to outgroups

OPB-20
OPG-02
OPG-04
OPG-06
OPG-15
OPG-19
OPI-04
OPI-09
OPJ-04
OPQ-03
OPQ-10

41
23
37
36
36
33
34
34
34
33
34

0
2
5
0
0
3
0
1
3
0
2

7
9
7
4

15
5

10
6

10
12
8

15
7

11
18
14
15
12
19
11
13
13

14
5
9

14
7
7

10
7
8
7
8

5
0
5
0
0
3
2
1
2
1
3

Total 375 16 93 148 96 22

TABLE 4. Analysis of molecular variance between and within
populations and regions. Regions and populations defined in
text.

Variance component
Variance

value

Propor-
tion of
total

variance
(%)

Nested AMOVA analysis
Between regions
Between populations, within regions
Within populations

0.0238
0.0156
0.2669

7.8
5.1

87.1

Analysis among populations
Between populations
Within populations

0.0292
0.2669

9.9
90.1

Analysis among regions
Between regions
Within regions

0.0312
0.2762

10.2
89.8

TABLE 3. Average euclidean distances between Gymnodinium ca-
tenatum and the two outgroup species, and among strains of G.
catenatum. N 5 number of pairwise comparisons.

Species/Population N

Euclidian distance

Average SD

Between species
G. catenatum–G. impudicum
G. catenatum–G. uncatenum
G. uncatenum–G. impudicum

29
29
1

0.6951
0.6886
0.6450

0.0234
0.0245

—

Within Gymnodinium catenatum 465 0.5817 0.0435

Between regions
Japan–Australia
Spain/Portugal—Australia
Japan–Spain/Portugal

88
110
20

0.5952
0.5932
0.5327

0.0312
0.0302
0.0526

Within regional populations
Australia
Japan
Spain/Portugal

231
6

10

0.5840
0.4587
0.4572

0.0336
0.0699
0.0593

Between Australian populations
Huon/Hastings–Derwent 81 0.5902 0.0362

Within Australian populations
Derwent
Huon/Hastings

36
36

0.5686
0.5695

0.0461
0.0259

euclidean distance of D 5 0.108 between replicate
amplifications. The diversity of RAPD banding pat-
terns was high, with more than 95% of bands con-
sidered polymorphic at F , 0.95 (Table 2). The
primers used were able to distinguish all strains ex-
amined, each with a distinct RAPD genotype. Five
strains isolated from a single bloom in the Derwent
River during 1993 (DE9301, 9302, 9303, 9304, and
9305) exhibited pairwise euclidean distances in ex-
cess of 0.484. Outgroup species accounted for 5.8%
of unique bands and rose to 7.8% after low-frequen-
cy (F , 0.10) bands were removed from the data
matrix.

Average euclidean distances between G. catenatum
and the two outgroup species were higher than that
found among G. catenatum strains (Table 3). Aver-
age distances between G. catenatum from different
global regions were marginally greater than those

found between strains within regions and within the
species as a whole, with the exception of the inter-
population distance between Japan and Spain/Por-
tugal. The Spain/Portugal and Japanese popula-
tions were closer to each other (D 5 0.5327) than
to the Australian population (D $ 0.5932). Strains
from the Australian region were slightly more simi-
lar to Spain/Portugal than to Japan and exhibited
a higher average distance between strains. Average
distances between strains from within Australian
populations were less than those between strains
from different Australian populations.

Analysis of molecular variance. The results of the
AMOVA analysis are presented in Table 4. The nest-
ed AMOVA analysis showed that most variation was
found within populations (87%). Genetic variation
attributable to between region differences account-
ed for 8% of the variation compared to 5% between
populations within the regions (Table 4).

For the pairwise comparison of population differ-
entiation (measured by FST), a P-value less than 0.01
was considered statistically significant. When AMO-
VA was carried out with all populations considered
separately, including separation of the Derwent
1987 and 1993 collections, the Spanish and Portu-
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FIG. 2. Two-dimensional MDS plot of RAPD-PCR data for G.
catenatum strains (shaded area) and G. uncatenum and G. impudi-
cum (outgroup species). G. catenatum clusters (bounded by solid
lines): Derwent Estuary, Huon Estuary, and Hastings Bay (DE/
HU); Triabunna (TRA); Japan (JP); Spain (SP); and Portugal
(PT). Kruskal stress 5 0.249.

guese strains were significantly different from each
other (FST 5 0.1507, P , 0.001). However, these
two population samples were not significantly differ-
ent from the Japanese population (FST 5 0.1548,
FST 5 0.1996; P $ 0.026). Within Australian popu-
lation samples, the Derwent 1987 and 1993 samples
were significantly different from each other (FST 5
0.0845, P , 0.001), and each was significantly dif-
ferent from the Huon Estuary population (FST 5
0.0562, P 5 0.0034; FST 5 0.0560, P , 0.001, re-
spectively). The Triabunna and Port Lincoln sam-
ples were significantly different from each other
(FST 5 0.0959, P , 0.001) but not from either the
Huon or the Derwent sample (P $ 0.0479). When
all Derwent strains were grouped as a single popu-
lation sample, they remained significantly different
from the Huon sample (FST 5 0.0359, P 5 0.0018).

When genetic differentiation was considered at a
regional level, Australian strains were significantly
different from both Japanese (FST 5 0.0962, P ,
0.001) and Spanish/Portuguese (FST 5 0.0997, P ,
0.001) strains; however, the difference between the
Japan and Spain/Portugal regions was not signifi-
cant (FST 5 0.1404, P 5 0.0122).

Multidimensional scaling analysis. The two-dimen-
sional MDS analysis, with the two outgroup species
included, clearly resolved both the comparison spe-
cies (Gyrodinium impudicum and Gyrodinium uncate-
num) from Gymnodinium catenatum strains on the
horizontal axis (Fig. 2). The final Kruskal stress of
the plot was 0.249, which is considered a ‘‘fair’’ fit
to the distance matrix according to the criteria of

Kruskal (1964). Within the cluster, the Japanese,
Spanish, and Portuguese strains were clearly sepa-
rated on the vertical axis below the Australian
strains. The two Triabunna (eastern Tasmania,
TRA) strains were also displaced on vertical axis but
clearly separated from the non-Australian strains.
The two Port Lincoln (SA) strains fell within the
Tasmanian cluster.

Three-dimensional MDS analysis, with G. catena-
tum strains only, provided a superior correspon-
dence of the MDS analysis (Kruskal stress 5 0.193)
to the euclidean distance matrix (Fig. 3a, b). Non-
Australian strains were clearly separated in dimen-
sions 1 and 2 (Fig. 3a) and further resolved into
Spanish, Portuguese, and Japanese clusters in di-
mension 3 (Fig. 3b). Within the Australian strains,
Triabunna strains were again clearly displaced in di-
mensions 1 and 2. Port Lincoln (PTL) strains did
not cluster closely together but fell within the Tas-
manian cluster of strains. Tasmanian strains formed
two discrete, nonoverlapping clusters in dimensions
1 and 2 (Fig. 3a), one cluster composed of the Der-
went Estuary strains and the other of the Huon Es-
tuary and Hastings Bay strains. Dimension 3 re-
solved two clusters within the Derwent group: a clus-
ter of strains isolated in 1987 that was clearly sepa-
rated from a cluster of five strains isolated in 1993
(Fig. 3b).

DISCUSSION

Interspecific RAPD variation. One of the traditional
drawbacks of using RAPD markers in population ge-
netics is that they represent dominant markers; that
is, heterozygotes are masked by the dominant am-
plified (present) allele (Williams et al. 1993). Al-
though this presents difficulties in diploid organ-
isms, in haploid plankton dinoflagellates, such as G.
catenatum, heterozygotes do not exist. In haploid sys-
tems, RAPD loci are thought to be biallelic (present
or absent) loci, and genetic diversity can be assessed
directly from the presence or absence of RAPD
bands (Lynch and Milligan 1994).

The present study is one of the first to examine
genetic variability within a dinoflagellate species us-
ing RAPD markers despite their clear suitability in
haploid microalgae. The higher genetic similarities
within species and populations compared to that be-
tween species indicate that RAPD can clearly resolve
different taxa. The finding that G. catenatum was
marginally more similar to the non-chain-forming
Gyrodinium uncatenum than to the morphologically
similar Gyrodinium impudicum confirms the results of
a previous study of D9 and D10 domain DNA se-
quences of the LSU rDNA of G. catenatum and G.
impudicum that indicated extensive divergence of
these two species despite their morphological simi-
larity (Costas et al. 1995, Zardoya et al. 1995). Al-
though RAPD analysis clearly resolved the three spe-
cies in this study, assessment of the phylogenetic re-
lationships in this group using RAPD should be in-
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FIG. 3. Three-dimensional MDS analysis of RAPD data from
G. catenatum strains, not including the two outgroup species. Krus-
kal stress 5 0.193. (a) Plot of first and second dimension of the
three-dimensional MDS analysis of G. catenatum strains. Region/
population clusters (bounded by solid line): Huon Estuary and
Hastings Bay (HU/HA), Derwent Estuary 1987 (DE’87) and 1993
(DE’93), Triabunna (TRA), and Japan, Spain, and Portugal (JP/
SP/PT). Port Lincoln, South Australia, strains (PTL) marked by
strain number. (b) Plot of the first and third dimension of the
three-dimensional MDS analysis of G. catenatum strains. G. cate-
natum clusters bounded by solid or shaded lines: Huon Estuary
and Hastings Bay (HU/HA, shaded), Derwent Estuary 1987
(DE’87) and 1993 (DE’93), Triabunna (TRA, shaded), Japan
(JP), Spain (SP), and Portugal (PT). Port Lincoln, South Austra-
lia, strains (PTL) marked by strain number.

terpreted with some caution. The gymnodinoid
dinoflagellates represent a morphologically and
phylogenetically diverse collection of protistan lin-
eages (Saunders et al. 1998), increasing the likeli-
hood of scoring nonhomologous comigrating RAPD
bands and perhaps resulting in poorly resolved
higher-order relationships among taxa (Medlin et
al. 1996). However, in the absence of variation using
other common approaches (e.g. allozymes or rDNA
sequence variation), RAPD provides useful genetic
markers for resolving closely related species and spe-
cies complexes.

Intraspecific variation in G. catenatum. The level of
RAPD diversity found between G. catenatum strains,
as measured by average simple matching (SM coef-
ficient; Gower 1972) rather than euclidean distance,
is within the ranges found for many outcrossing
higher-plant species. For example, average SM co-
efficients between G. catenatum strains (population
averages 5 0.718–0.800; see Bolch et al. 1998) were
larger than those found between two races of the
common bean, Phaseolus vulgaris (average 5 0.374;
Johns et al. 1997) and fell within the same ranges
of RAPD distances found between half-siblings of
the forest tree Eucalyptus globulus (average 5 0.802)
and those of unrelated individuals of E. globulus (av-
erage 5 0.745) (Nesbitt et al. 1997).

From the AMOVA analysis, most of the RAPD var-
iation in G. catenatum is found within populations
rather than between populations or regions. No
comparative data are available for other phytoplank-
ton species; however, the level of RAPD variation has
been examined extensively in several outcrossing
and partial inbreeding higher-plant populations.
For example, populations of Buffalo grass (Buchloë
dactyloides) exhibit from 70% to 81% of variation
within regions (Huff et al. 1993), and Eucalyptus glob-
ulus populations in southern Australia exhibit from
74% to 95% (average 5 80%) of RAPD variation
within populations (Nesbitt et al. 1995). Plants with
higher levels of inbreeding generally display much
lower levels of within-population variation (e.g. Hor-
deum spontaneum, 43% within-population variation;
Dawson et al. 1993). The proportion of RAPD vari-
ation within populations of G. catenatum (87%; Ta-
ble 4) suggests that this species is essentially an out-
breeding species with a low level of self-crossing or
biparental (related) mating. This is supported by in-
terbreeding analysis using clonal strains, which in-
dicates that the mating system of G. catenatum is a
complex, multigroup, outbreeding system (Black-
burn et al., unpubl.).

The higher level of RAPD diversity within Austra-
lian strains of G. catenatum strains compared to both
the Spanish/Portuguese and the Japanese strains
(Table 3) might be partially attributed to the con-
siderably higher number of Australian strains com-
pared with the other sample populations. However,
a previous RAPD-PCR study of eight G. catenatum
strains from the same regions also found a higher
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diversity of RAPD banding patterns among four Tas-
manian strains compared to more conservative pat-
terns for the four Japanese, Spanish, and Portuguese
strains (Adachi et al. 1997). These data and the pre-
sent analysis strongly suggest that the Japanese and
Spanish/Portuguese populations are more similar
to each other (marginally differentiated, P 5
0.0122) than either population is to Australian
strains (P , 0.001).

Global population variation and dispersal hypotheses.
Earlier genetic studies of several dinoflagellates us-
ing allozyme electrophoresis have shown consider-
able genetic heterogeneity among strains of dinofla-
gellate morphospecies (e.g. Alexandrium spp., Cem-
bella and Taylor 1985, Cembella et al. 1988, Hay-
home et al. 1989, Sako et al. 1990; Heterocapsa spp.,
Watson and Loeblich 1983; Peridinium volzii, Hay-
home et al. 1987; Gambierdiscus toxicus, Chinain et
al. 1997). Similarly, variation has now been shown
in the sequences of rDNA genes within species of
dinoflagellates. For example, the Alexandrium cate-
nella/tamarense complex exhibits extensive rDNA
gene and ITS sequence divergence between differ-
ent global populations that is thought to represent
population divergence times approaching millions
of years (Scholin et al. 1995, Adachi et al. 1996).
Genetic variation in rDNA genes has also been re-
ported both within and between Atlantic and Pacific
Ocean strains of Gambierdiscus toxicus (Babinchak et
al. 1996), indicating that genetic isolation and dif-
ferentiation of dinoflagellate populations on a glob-
al scale might be a common feature of many dino-
flagellate species.

In contrast, Ellegaard and Oshima (1998) showed
no allozyme variation between strains of G. catena-
tum from Spain and Australia. The present work also
confirms the low level of allozyme polymorphism
among G. catenatum strains from Tasmania, Japan,
Spain, and Portugal. Similarly, ribosomal RNA gene
(rDNA) sequence variation among G. catenatum
strains is also limited or nonexistent. Single-base in-
serts, deletions, or substitutions are reported in the
5.8S rDNA and rDNA-ITS region (13 variable sites
in 575 bp, 0.25%) among Japanese, Spanish, Por-
tuguese, and Australian strains, but the authors con-
sidered this insignificant (Adachi et al. 1997). These
sequence variations could not be detected by se-
quence analysis or be confirmed by restriction en-
zyme analysis of ITS fragments using enzymes that
should have detected the reported polymorphisms
(data not shown). The significance of this lack of
rDNA and allozyme variation between G. catenatum
strains is difficult to explain. One explanation is that
many dinoflagellate species might display little al-
lozyme or rDNA variation, so that the level of vari-
ation within other species examined so far might
represent unresolved species or species complexes
(e.g. Alexandrium catenella/tamarense; Scholin et al.
1994, 1995). Alternately, the distinct global popu-
lations of G. catenatum might not have had sufficient

time to accumulate detectable mutations at the
rDNA locus, supporting the hypothesis of recent dis-
persal of G. catenatum to many areas from a geneti-
cally homogeneous single-source population. This
interpretation is consistent with the absence of fos-
silized cysts in Tasmania and the appearance of G.
catenatum cyst walls around 1973 in cores from the
Huon Estuary (McMinn et al. 1997).

Introduced populations often undergo significant
losses of genetic diversity during population bottle-
necks during introduction and establishment; this is
often called ‘‘the founder effect’’ (e.g. the Pacific
seastar Asterias amurensis to the southeast of Tasman-
ia; Ward and Andrew 1995). Assuming that G. cate-
natum was introduced to Tasmanian waters, Tasman-
ian G. catenatum strains have no detectable loss of
diversity as a result of introduction. Several factors
decrease the likelihood of a loss of diversity in G.
catenatum. First, the most likely introduction vector,
bulk carrier ballast water, has already been demon-
strated to occasionally harbor extremely high num-
bers (up to 300 million in one tank) of viable di-
noflagellate cysts (Hallegraeff and Bolch 1992), thus
the high probability of a large inoculum population.
Second, G. catenatum demonstrates a wide temper-
ature tolerance, forming blooms in periods when
surface water temperatures range from 128 to 208 C.
In southern Tasmanian waters, surface water tem-
peratures are within this range much of the year,
dropping significantly below 128 C only during a few
winter months (Hallegraeff et al. 1989, 1995). Cysts
discharged into favorable growth conditions could
undergo rapid population expansion, suffer no se-
vere genetic bottleneck, and maintain a high level
of genetic diversity during establishment.

Comparative studies of strains from the same pop-
ulations examined here indicate that strains from
each of the four populations are sexually compatible
to the point of cyst formation (Oshima et al. 1993b,
Ellegaard and Oshima 1998). However, progeny of
some Spain/Tasmania crosses exhibit low long-term
viability compared to other intra- and interpopula-
tion progeny (Blackburn et al., unpubl.). Compari-
son of PSP toxin profiles between strains from the
same three populations found fixed differences in
the mol% ratios of saxitoxin (STX) fractions, with
Tasmanian strains being unique in their ability to
produce deoxy-decarbamoyl-STX compounds (Osh-
ima et al. 1993a). The RAPD analysis presented here
supports and confirms inferences drawn from the
toxin and interbreeding studies: Australian strains
appear distinct from both Japanese and Spanish and
Portuguese strains; Spanish, Portuguese, and Japa-
nese strains appear more closely related to one an-
other than to Australian strains.

The separate regional clustering from the RAPD
analysis and other supporting data do not disprove
the hypothesis of recent introduction. However, it
does question the proposed Japanese or Spanish or-
igin of Tasmanian G. catenatum populations. All
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three regions are extremely similar, as evidenced by
the lack of fixed RAPD band differences. The bio-
geographical significance of the discrete nature of
the regions is difficult to ascertain; however, several
scenarios could explain the pattern of genetic rela-
tionships. Australian strains might have originated
from an as-yet-unsampled overseas region, a hypoth-
esis that can be rigorously tested only by including
representatives of a number of other regions, such
as those in the Gulf of California, Argentina and
Uruguay, Korea, China, or tropical populations
from western India or the Philippines. Alternately,
Tasmanian populations might have undergone ge-
netic drift after introduction or experienced selec-
tive pressure imposed by a new environment, ac-
counting for the divergence from the possible do-
nor populations examined here. For example, the
wood-chip port of Triabunna is the proposed point
of introduction of G. catenatum to Tasmania. The
two strains from Triabunna are displaced from other
Australian strains in the MDS analyses in a similar
direction to the non-Australian strains, and it is
tempting to interpret this as evidence for a possible
introduction followed by drift or selection. The port
of Triabunna continues to receive ballast water from
ports known to harbor G. catenatum. Therefore, the
displacement of Triabunna strains might be the re-
sult of repeated seeding of the Triabunna popula-
tion with overseas G. catenatum genetic material that
is integrated via recombination during sexual repro-
duction. This process could continue to ‘‘push’’ the
process of genetic drift toward those of the donor
populations. Analysis of additional strains from Tria-
bunna is planned to aid the interpretation of rela-
tionships between this population and potential
overseas donor populations.

Until 1993, the Australian distribution of G. cate-
natum was restricted to southeastern Tasmania
(Bolch and Hallegraeff 1990). However, plankton
cells and cysts have been recorded in May 1993 from
southern Victorian waters (Sonneman and Hill
1997) and, more recently, from Port Lincoln, South
Australia, in April 1996 (Bolch et al. 1998). The po-
sition of the two Port Lincoln strains within the Tas-
manian cluster is consistent with the hypothesis of a
recent dispersal from Tasmania to mainland Austra-
lia. Direct, regular shipping links exist between the
Port of Hobart (Derwent Estuary) and Port Lincoln,
providing a direct transport vector for the dispersal
of G. catenatum, although it is difficult to establish
which area might have been the original source.
Analysis of resting cysts in dated sediment cores
from Port Lincoln and of RAPD and toxin profiles
of additional strains from mainland Australian and
other global populations is in progress to fully re-
solve these issues.

Genetic variation and bloom populations. The pre-
sent study demonstrates that G. catenatum is not a
globally distributed clone but possesses a high level
of genetic variation at RAPD loci. Like most plank-

tonic dinoflagellates, the primary mode of repro-
duction of haploid vegetative cells of G. catenatum
in the water column is thought to be asexual, lead-
ing to populations consisting of a series of clones. A
sexual life cycle has been described for G. catenatum
that appears to be triggered mainly by nitrate and/
or phosphate limitation in laboratory culture, re-
sulting in a zygotic resting cyst (Blackburn et al.
1989). Despite the apparent dominance of asexual
reproduction, this study found all strains examined
to be genetically distinct, even among those isolated
from the same field sample at the peak of a pro-
longed bloom (strains DE9301, 02, 03, 04, and 05).
Using RAPD-PCR, similarly low levels of clonality
have been found among strains of the offshore-
bloom-forming coccolithophorid Emiliania huxleyi
(Lohmann) Hay et Mohler isolated from single bot-
tle casts. This diversity was interpreted either as a
high mutation rate of RAPD loci in E. huxleyi or,
more plausibly, as evidence of sexual recombination
within the population (Medlin et al. 1996).

Although the observed diversity in a mainly asex-
ual reproducing organism seems counterintuitive, it
suggests that G. catenatum blooms arise from a ge-
netically diverse inoculum of overwintering vegeta-
tive cells or from a genetically diverse population of
benthic resting cysts. If no strong environmental se-
lection exists for a particular genotype during a
bloom, or if a high level of habitat diversity exists, a
high level of genetic diversity could be retained dur-
ing bloom development, albeit at increasing cell
concentrations. Alternately, cyst germination and
sexual reproduction could be progressing at a low
level throughout prolonged blooms, continually
seeding new genotypes into the population. In both
cases, the population would be represented by a vast
series of clones; however, the probability of sam-
pling the same clone twice might remain relatively
low.

The observed spatial clustering of isolates into es-
tuarine groups (Fig. 3) is surprising given the small
distance between the Derwent and Huon Estuaries
(,50 km). Blooms of G. catenatum are sometimes
widespread, giving the appearance of a continuous
distribution throughout the estuaries and protected
coastal areas between Hastings Bay and the Derwent
Estuary (see Fig. 1; Hallegraeff et al. 1989, 1995).
The distinct clustering of isolates, collected over a
period of several years, between these two geograph-
ically proximate areas suggests that genetic ex-
change between areas is limited. Blooms might arise
within the estuaries from benthic cysts, undergo cyst
formation, and resettle in the same area, effectively
isolating estuarine blooms from those in neighbor-
ing estuaries. Gymnodinium catenatum cells sampled
outside the Derwent Estuary, in Storm Bay, always
appear unhealthy and do not survive well in coastal
Tasmanian waters (Hallegraeff et al. 1989). Vegeta-
tive cells washed out of an estuary might rarely sur-
vive long enough to be transported in significant



365GENETIC VARIATION IN G. CATENATUM

numbers to neighboring estuaries and undergo sex-
ual recombination and cyst formation.

Evidence for the nonclonal nature of dinoflagel-
late blooms and for geographical relationships be-
tween strains has been previously reported in the
freshwater dinoflagellate Peridinium volzii (Hayhome
et al. 1987) using allozyme analyses. Whereas long-
term reproductive isolation might be easily envis-
aged between freshwater lakes, population structure
in a coastal species at small scales seems less prob-
able. However, morphological, mating compatibili-
ty, and toxin composition data have been used to
conclude that the Alexandrium fundyense/tamarense
complex populations along the northeastern coast
of the United States and Canada are not a wide-
spread, homogeneous population. The data sug-
gested that, especially in the most southern loca-
tions sampled, they represented localized popula-
tions with little mixing of genotypes (Anderson et
al. 1994). Additional studies with isolates from other
Tasmanian sites are required to verify the genetic
structure of Tasmanian populations; however, the
current evidence indicates that localized subpopu-
lations, with limited genetic exchange between
them, might be a common feature of coastal dino-
flagellate populations.

The clustering of strains from an estuary by bloom
year suggests temporal shifts in bloom genotypes
over longer time scales (years). It is interesting to
note that the 1993 bloom was preceded by three
nonbloom years in southeastern Tasmania (Halle-
graeff et al. 1995); this might have isolated this ma-
jor bloom from the more or less annual blooms dur-
ing the late 1980s. This temporal differentiation
might be due to stochastic changes in the mix of
genotypes available to seed localized estuarine
blooms or, more likely, result from changing envi-
ronmental conditions, leading to the selection of
particular genotypic subsets from the population.
For example, different G. catenatum strains isolated
from Tasmanian waters are known to have signifi-
cantly different selenium requirements for optimal
growth (Doblin 1998). Similar spatial and temporal
patterns of RAPD diversity were found between
strains isolated from North Atlantic bloom samples
of E. huxleyi (Medlin et al. 1996). Isolates from the
same bottle cast tended to group together, and iso-
lates collected at different times (1 month apart)
from the same area clustered separately, suggesting
that the genotype mix had shifted at the collection
site, possibly because of physical cell transport.

In conclusion, the present data from RAPD-PCR
analysis suggest that G. catenatum blooms are not
simply large masses of genetic clones arising from
asexual reproduction in the water column. Rather,
they appear to be genetically heterogeneous, out-
breeding populations that might show distinct pop-
ulation structure at surprisingly small scales. Poten-
tially introduced Australian populations are signifi-
cantly different from strains from Japan, Spain, and

Portugal despite the limited number of non-Austra-
lian strains examined. Representative strains from
additional global populations are required to clarify
the most probable source. The data also suggest that
mainland Australian populations in Port Lincoln,
South Australia, could have arisen by translocation
of Tasmanian strains. Additional studies with G. ca-
tenatum aim to examine population clustering
among Australian bloom areas in more detail and
to examine additional strains from a range of other
global populations. Such studies can lead to impor-
tant insights into the dispersal, population genetics,
and biology of G. catenatum and other coastal dino-
flagellate populations.
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