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Abstract 

The chain-forming toxic dinoflagellate Gymnodinium catenatum Graham is a known 
causative organism of paralytic shellfish poisoning (PSP). During the mid-1970's the 
geographic extent of G. catenatum plankton blooms increased dramatically, causing 
toxic episodes in Spain, Portugal, Mexico, Venezuela, Argentina, Uruguay, Japan, 
Korea and southern Australia (Tasmania). Studies of the distinctive microreticulate 
resting cysts of G. catenatum in Tasmania suggest it was introduced to southern 
Tasmania during the early 1970's, possibly via ballast water from either Japanese, 
Korean or Spanish populations. The cysts of this species have now been widely 
reported, even from areas where G. catenatum has rarely, or never, been detected in 
the plankton. The reported cyst diameter varies considerably (17-63 p,m diameter), 
displaying a bimodal size distribution at some localities, suggesting that cysts may 
belong to a species complex of two or more related species. 

This work examines the distribution, and morphological and genetic variation, of the 
Gymnodinium catenatum species complex to resolve three distinct microreticulate cyst-
forming species. Resolution of the species complex allowed the elucidation of 
population genetic relationships between strains of the toxic "true G. catenatum" 
isolated from Japan, Spain and Portugal, and Australia, to examine the hypothesis that 
Tasmanian G. catenatum was introduced to Australia (Tasmania) from one of these 
two potential source populations. 

Mapping the distribution of G. catenatum by examining sediments for the 
microreticulate cysts is hampered by their low abundance in coastal sediments and the 
low proportion of intact and viable specimens. Cyst concentration methods (sodium 
polytungstate density centrifugation) and PCR-based genetic identification methods 
were developed to improve cyst survey detection limits. Sediment surveys of 105 
sampling sites at 17 estuarine and coastal locations demonstrated that microreticulate 
cysts are widely distributed in Australian coastal sediments. Two distinct morphotypes 
were noted: a "small-form" cyst (17-28 p,m) widely distributed in temperate and 
tropical Australian estuaries and a "large-form" typical of G. catenatum ( 37-62 p.m) 
which was restricted to the coasts of south-eastern Tasmania, southern Victoria, Port 
Lincoln (South Australia) and the Hawkesbury Estuary (NSW). Germination 
experiments showed that the smaller cyst-type belonged to a species that was 
morphologically and genetically distinct from both G. catenatum and the European 
rnicroreticulate cyst species, G. nolleri Ellegaard et Moestrup. This new species is 
described herein as Gymnodinium microreticulatum sp. nov. Bolch et Hallegraeff. 
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The possible origin and evolution of G. catenatum was investigated by examining the 
genetic relationships among 27 species of gymnodinoid, prorocentroid and peridinoid 
dinoflagellates using partial sequences of the large sub-unit ribosomal RNA gene. The 
phylogenies constructed confirmed earlier findings from small sub-unit (SSU) RNA 
studies. The relationships of the 21 free-living gymnodinoids correlated with their 
morphological and cytological features with the loop-apical-grooved species forming 
four clusters delineated by chloroplast structure and arrangement, and resting cyst 
morphology. The G. catenatum complex (G. catenaturn, G. nolleri and G. 
microreticulatum) formed a distinct monophyletic lineage arising from the base of this 
group. Within the complex, G. microreticulatum diverged earliest, followed by G. 
nolleri and G. catenatum. Comparison of nuclear volumes of the three species suggests 
that the group may have evolved by polyploidy from a G. microreticulatum -like 
ancestor. The abundant LSU-rDNA sequence variation among G. microreticulaturn 
isolates contrasted the absence of verifiable sequence variation among G. catenaturn 
from Australia, Hong Kong, Japan, Spain and Uruguay. 

Analysis of allozymes and large-subunit ribosomal RNA sequences failed to reveal 
genetic polymorphism among G. catenatum strains from Australia, Japan, Spain and 
Portugal. However, reproductive compatibility analysis demonstrated extensive intra-
population compatibility and an outbreeding, multiple-group mating system. Mating 
success analysis (by cyst production) and variation in post-meiotic progeny viability 
from inter-population crossing experiments indicated that Japanese and Spanish strains 
were more closely related to each other than to Australian strains. Mating studies were 
supported by genetic studies using RAPD-PCR. Genetic variation was partitioned 
primarily within populations (87%), consistent with a sexually outbreeding species, as 
confirmed by mating studies. The G. catenatum strains could be clearly separated into 
regional clusters: Australia, Japan and Spain/Portugal. The Spanish/Portuguese and 
Japanese clusters were most closely related with the Australian cluster more distant and 
almost equally related to the others. The similarity between Japanese and Spanish G. 
catenatum compared to Australian strains suggests recent dispersal between these two 
populations. The source population for Australian G. catenatum remains unclear, 
however, the data support a secondary relocation of Tasmanian G. catenatum to 
mainland Australia, possibly via a domestic shipping vector. Geographic and temporal 
clustering of Tasmanian strains by isolation location and bloom year indicates that 
genetic exchange between neighbouring estuaries is limited and that Tasmanian G. 
catenatum blooms are composed of localised, estuary-bound sub-populations. 

Re-examination of the dinoflagellate fossil record in light of recent molecular 
phylogenetic data suggests that the G. catenatum complex evolved near the start of the 
Cretaceous period [circa 150 million years ago (Mya)]. Using a G. catenatum complex 



"molecular clock" based on LSU-rDNA sequences, it is estimated that the common 
ancestor of the complex (probably a G. microreticulatum- like species) evolved around 
130-140 Mya and that the G.nolleri and G. catenatum lineages diverged about 16-19 
Mya. The known modern distributions of the three species suggest a European 
evolutionary origin of G. catenation followed by a geologically recent global dispersal. 
Considering the lack of rDNA variation among the five populations examined, this 
dispersal is conservatively estimated to have occurred well within the last 25 thousand 
years. Whether dispersal has been by natural processes or assisted by human means 
(or a combination of both) is not yet clear. 

This study demonstrates that PCR-fingerprinting methods, such as RAPD-PCR, can 
discriminate fine-scale genetic population structure and discriminate global population 
clusters. Comparative genetic studies of more G. catenation populations would allow a 
better assessment of global relationships and may identify population genetic dines that 
correlate with G. catenatum natural dispersal corridors, or discontinuities that imply 
trans-oceanic transfer and human introduction. 
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"One great thought prevails in natural historical studies, the study of laws regulating 
the geographical distribution of natural families of animals and plants upon the whole 
surface of the globe." 

Louis Agassiz, On the Succession and Development of Organic Beings, 1842. 

"The distinguishing of the aboriginal from the invading population, and the 
determination of the causes which have produced and directed the invasion, are 
among the problems which the investigator of the distribution of animated creatures, 
has to endeavour to solve." 

Edward Forbes, The Natural History of European Seas, 1859. 

"So, by the early nineteenth century there were two major biogeographical issues 
facing naturalists. One was the delineation and enumeration of the regions of 
creation, and the other was the question of disjunct distributions." 

Michael Paul Kind, Geographical Distribution and the Origin of Life, 1980. 
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Chapter 1 

Gymnodinium catenatum: the unravelling of an enigma 

1 

Christopher J. S. Bolch 

School of Plant Science, University of Tasmania, GPO Box 252-55, 

Hobart, Tasmania, 7001, Australia. 
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Introduction 
Gymnodinium catenatum Graham is a large (30-40 pm diameter) photosynthetic 
gymnodinoid dinoflagellate which form distinctive long chains of cells (Figs la, b) 
and, as part of its sexual lifecycle, a distinctive red-brown resting cyst (43-621.tm 
diameter) with microreticulate surface markings (Fig. lc). Apart from its spectacular 
planktonic form it is most notable as the only naked dinoflagellate known to be 
responsible for paralytic shellfish poisoning (PSP), a neurotoxic poisoning syndrome 
which affects human consumers of contaminated shellfish. Shellfish contamination by 
PSP affects thousands of people per year on a worldwide basis and the economic costs 
of harmful algal blooms in the United States alone are in excess of 50 million dollars 
annually (Anderson et al. 1998). 

The aspect which has pushed G. catenatum to scientific prominence is its global 
emergence from an obscure, rarely reported dinoflagellate prior to the mid-70s, to its 
current status as a major PSP problem species in Mexico, Europe, South-east Asia and 
Japan, Australia and South America (Venezuela, Argentina and Uruguay) (Hallegraeff 
& Fraga 1998). This global-spreading phenomenon has been replicated to a lesser 
extent by other PSP or harmful species (e.g. Alexandrium minutum). Understanding 
the reasons and mechanisms underlying the apparent spread of these species to many 
areas of the globe is one of the key issues facing harmful algal bloom research. The 
answers promise to unravel the complex factors contributing to the increase in 
worldwide frequency, distribution and severity of harmful algal blooms. 

Global emergence 
Planktonic blooms of G. catenatum were first linked with shellfish PSP toxicity on the 
Pacific coast of Mexico in 1979 (Mee et al. 1986), and G. catenatum was 
retrospectively identified as the causative organism of a PSP episode affecting shellfish 
from NW Spain in 1976 (Estrada et al. 1984). Scientific interest stimulated by these 
episodes prompted a thorough examination of the literature by many workers who 
discovered that, since its description in 1939 from the Gulf of Mexico (Graham 1943), 
G. catenatum had been reported from Argentina in 1962 and Japan in 1967 
(Gymnodinium sp. A3) (Table 1). Subsequent plankton and cyst reports (Table 1) 
now show that G. catenatum appears to have spread to many areas of the globe and 
has established populations on all continents (Fig. 2). 



Fig. 1. Gymnodinium catenatum Graham. 

Fig. la. SEM. Plankton cells showing the chain-forming nature and the reticulate pattern of the 
outer wall (amphiesmal vesicles). Bar = 20pm. 

Fig. lb. LM. Plankton bloom from the Derwent Estuary, Tasmania, March 1993. Bar = 100pm. 

Fig. lc. SEM. Resting cyst of G. catenatum with the distinctive pattern of microreticulate ridges 
which reflect the amphiesmal vesicles of the plankton cells, including the cingulum, sulcus 
and apical groove. Bar = 20pm. 
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Table 1. Chronology of first confirmed plankton or cyst records of G. catenatum. (*G. cf. 
catenatum) for countries or regions. (Revised from Hallegraeff & Fraga 1998). 

Year Cyst/ Location Reference 
Plank. 

1939 P Gulf of California Graham (1943) 
1962 P Mar del Plata, Argentina Balech (1964) 
1967 P Southern Japan Hada (1967) 
1976 P North West Spain Estrada et al. (1984) 
1979 P Pacific coast, Mexico Mee et al. (1986) 
1985 P Gulf of Nicoya, Costa Rica Viquez & Hargraves (1995) 
1985 C/P Southern Tasmania, Australia Hallegraeff & Sumner (1986) 
1986 P Atlantic coast, Portugal Franca & Almeida (1989) 
1988* C Kattegat, Baltic Sea (sub-fossil) Nordberg & Bergsten (1988) 
1988 P Venezuela La Barbera-Sanchez et al. (1993) 
1989 P Gulf of Thailand Matsuoka & Fukuyo (1994) 
1990 P Phillipines Fukuyo et al. (1993) 
1991* C/P North Sea, Netherlands Peperzak et al. (1996) 
1992 P Mar del Plata, Uruguay Mendez & Brazier° (1993) 
1992* P North Sea, France. Paulmier (1992) 
1993* C Kattegat, Baltic Sea (living) Ellegaard et al. (1993) 
1993 C Hong Kong Qi et al. (1996) 
1993 C Victoria, Australia Sonneman & Hill (1997) 
1994 P Morocco Tagmouti et al. (1995) 
1994 P Malaysia Anton & Mohamad-Noor (1998) 
1995* C Bay of Naples, Italy Montresor et al. (1998) 
1996 C/P Western India Gohde et al. (1996) 
1996 C/P New South Wales, Australia Hallegraeff & Hardiman (unpub.), this work 
1996 C/P South Australia, Australia this work, Bolch et al. (1998, 1999) 
1997 C Canary Islands, Atlantic Ocean Warnaar et al. 1998 

In Australian waters, G. catenatum was first identified by Dr Gustaaf Hallegraeff in his 
initial plankton net samples from the Derwent Estuary (Hobart, Tasmania), shortly 
after his move to new Hobart laboratories in September 1985. Massive blooms in 
commercial shellfish areas of southern Tasmania during that spring-summer (Sept. 
1985- Mar. 1986) led to the closure of the local industry for several months 
(Hallegraeff & Sumner 1986). Examination of historical plankton samples from the 
area established its presence in southern Tasmania since at least 1980 (Hallegraeff et al. 
1989). 

A species complex? 
Surveys of Tasmanian coastal sediments for G. catenatum cysts have identified small 
microreticulate cysts (17-22pm diameter) co-occurring with G. catenatum at some 
sites. The single viable specimen germinated a pair of small gymnodinoid cells similar 
to G. catenatum but did not survive to allow its relationship to G. catenatum to be 
assessed (Bolch & Hallegraeff 1990). In the late 1980's, further resting cysts 



Figure 2. Known distribution of G. catenatum from plankton and cyst reports. Squares refer to cyst reported as G. cf. catenatum, 
to be described as G. nolleri. 
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resembling G. catenatum were discovered in the Kattegat area of the Baltic Sea, which 
were slightly smaller (28-4011m diameter) than typical G. catenatum cysts (Nordberg 
& Bergsten 1988). Living specimens were subsequently discovered in surface 
sediments and could be germinated to release cells which were non-chain forming and 
smaller than typical G. catenatum (Ellegaard et al. 1993). The observation of three 
different sized microreticulate cysts, sometimes at the one site, indicate that 
microreticulate cysts may be a species complex of two or more species. Similarly, the 
distribution of G. catenatum plankton records from cool-temperate regions (e.g. 
Tasmania) through to truly tropical areas (e.g. Venezuela, Philippines, Palau) has lead 
to the suggestion that the typical toxic form of G. catenatum consists of two ecotypes; 
a temperate form with growth optimum around 18-20 °C, and a tropical form with a 
growth optimum between 23-30°C (Hallegraeff & Fraga 1998). 

Cryptic cosmopolitanism or global dispersal? 
Several explanations for the apparent increase in frequency, intensity and particularly 
geographic extent of G. catenatum (and other harmful species) have been forwarded. 
The contrasting views are underpinned by the acceptance, or otherwise, of a basic 
premise of dinoflagellate biogeography. 

It can be argued that similar oceanic environments across the globe typically have the 
same general plankton assemblage and that phytoplankton species may have, over 
geological time scales, already achieved a stable cosmopolitan distribution (modified 
latitudinal cosmopolitanism, Taylor 1987). At purely face value, this assumption 
implies that G. catenatum may be present below detection levels as part of the "hidden 
flora" in most suitable environments. Apparent spreading is thus explained by 
increases in frequency and intensity of toxic blooms, perhaps due to coastal 
eutrophication (Smayda 1990), global warming (Nehring 1995) or climatic variation 
over hundreds to thousands of years (Thorsen & Dale 1998). In the case of G. 
catenatum, apparent spread may also have been exacerbated by confusion with similar 
species such as Cochlodinium catenatum, Cochlodinium polykrikoides or Gyrodinium 
impudicum (e.g. Canada et al. 1991), increasing scientific awareness of harmful algal 
problems, the increased utilisation of coastal waters for aquaculture and the 
corresponding increase in monitoring for harmful algal species (Hallegraeff 1993). 

While latitudinal cosmopolitanism appears a reasonable assumption in an oceanic 
context, its applicability to strictly coastal species is less obvious. Coastal and shelf 
dinoflagellate populations may be effectively isolated from each other by their inability 
to survive in oceanic conditions. Some species may have achieved an essentially 
cosmopolitan distribution over thousands to millions of years, yet others may have 
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always maintained globally restricted distributions. Cosmopolitan species may also 
become extinct in some areas in response to climatic changes. Alternatively, existing 
coastal cosmopolitan populations may be isolated by continental drift and/or changing 
sea-levels. This more dynamic view of coastal plankton biogeography can 
accommodate latitudinal cosmopolitanism but also concedes the possibility of more 
complex patterns of diversity such as regional speciation and intra-specific variation, 
extinction and re-establishment of species in areas, dispersal/introduction to new areas 
which have never supported a particular species or the introduction of different 
regional lineages of the same species "on top" of existing indigenous populations. 

Support for this view is provided by the elegant genetic studies of the Alexandrium 
tamarense/catenella/fundyense complex. Strains of these species can be discriminated 
into distinct regional genetic groups hypothesised to have arisen by the isolation of 
regional populations by sea-level and ocean circulation changes in the recent geological 
past (Scholin et al. 1995). A number of strains examined did not fit the regional pattern 
and these were suspected to have been introduced from other regional populations, 
possibly by the transfer of cysts by human activities such as shellfish stock transfers or 
by cargo vessel ballast water. 

Gymnodinium catenatum in Australia: the case for introduction 
North-west American Indian oral history and folklore suggests that PSP has been 
present in that region for centuries. In contrast, no anecdotal evidence or aboriginal 
oral history exists which supports the historical occurrence of PSP intoxication in 
Tasmania (Hallegraeff et al. 1988). The disjunct known global distribution of 
G.catenatum during the mid-1980s and the restricted distribution of G. catenatum in 
Australia (south-eastern coast of Tasmania) prompted speculation that this species may 
be non-indigenous, representing an introduction to Tasmanian waters. Examination of 
the depth distribution of the distinctive resting cysts in dated sediments showed that 
these cysts appear in cores in the early 1970's, coinciding with the commencement of 
bulk-carrier export of woodchips to Japanese ports, and the corresponding release of 
large quantities of ballast water into south eastern Tasmania at the port of Triabunna 
(Spring Bay) in 1971 (McMinn et al. 1997). Parallel studies of ballast water tank 
sediments from bulk carriers entering Australian ports also demonstrated unequivocally 
that live dinoflagellate cysts, including those of PSP toxic Alexandrium spp. and G. 
catenatum, could be transferred between continents and potentially discharged into 
Australian ports (Hallegraeff & Bolch 1992). This work, and more recently that of 
other workers (e.g. MacDonald & Davidson 1998) provided clear evidence of an 
introduction vector for dinoflagellate species. 
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The cyst, plankton and ballast water studies all point toward a probable ballast water 
introduction of G. catenatum to southern Tasmania, however, the source populations 
are currently not known. The most likely options appear to be either Japan/Korea or 
Spain/Portugal; the former via woodchip carrier ballast water, or with the introduction 
of the Pacific oyster to southern Tasmania in 1943; the latter via fruit-export vessels 
entering the Huon River, Tasmania, during the 1950s and 1960s (McMinn et al. 
1997). Preliminary biochemical studies of Japanese, Spanish and Australian 
populations have compared the content of the various PSP (saxitoxin) derivatives. 
Spanish and Japanese strains differed in the sulfocarbamoyl (C-toxins) produced, but 
were otherwise very similar. Australian strains were more distinct due to the apparently 
unique production of deoxy-decarbamoyl derivatives (Oshima et al. 1993). These 
studies provided no strong evidence for which population might have been the likely 
source of Australian G. catenatum. 

During the 1990s G. catenatum appears to have dispersed to mainland Australia. In 
1993 abundant resting cysts were found at several sites along the southern coast of 
Victoria despite the fact that G. catenatum had never been seen in the plankton 
(Sonneman & Hill 1997). During the course of this study two further mainland 
populations were discovered at Port Lincoln in South Australia and the Hawkesbury 
River Estuary in NSW. The most probable translocation vector for this dispersal to 
mainland Australia is a known regular domestic shipping link between Hobart, 
Tasmania and Port Lincoln, South Australia. 

Study rationale 
The original aims of this study were to examine the genetic relationships between 
global populations of G. catenatum using a combination of morphological, molecular 
and interbreeding approaches to gain insights into the global dispersal of 
Gymnodinium catenatum. 

Population biogeography studies should always consider "total evidence" to form a 
coherent hypothesis to explain current species distributions. Hypotheses must 
therefore be consistent with historical and pre-historical distribution data, and 
incorporate palaeohistorical events and evolutionary hypotheses for the species of 
interest. The likely existence of two or more related species among the cyst records 
highlights the need to carefully examine morphological and genetic relationships within 
the G. catenatum complex. Examining the evolution of the species complex not only 
provides comparative genetic data but may also provide vital clues to the ancestral 
origin of G. catenatum. 
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At the beginning of this study several barriers existed which hampered the examination 
of the biogeography of G. catenatum: 
1)A lack of sensitive methods for detecting and conclusively identifying the rare and 

often non-viable microreticulate cysts of the G. catenatum species complex. 
2) Confused and erroneous distribution data for G. catenatum due to mis-identification 

of plankton cells and failure to recognise and separate the three cyst forms. 
3) The unknown relationship of differing cyst-forms, and poor morphological and 

genetic resolution of species within the complex. 
4) A poor understanding of the evolutionary history of G. catenatum and the 

gymnodinoid dinoflagellates. 
5) A lack of biological, biochemical or genetic markers capable of resolving individual 

populations of G. catenatum. 

The Dl-D2/D3 regions of the LSU-rDNA provide variation at levels suitable for 
inter-generic, inter-specific and occasionally intra-specific relationships (Jorgensen & 
Cluster 1988). The comparison of LSU-rDNA has been successfully used to 
discriminate geographic groups and inferring dispersal routes of the Alexandrium 
tamarenselcatenella/fundyense complex (e.g. Scholin et al. 1994, 1995; Adachi et al. 
1994, 1996). Consequently this region was considered a potential candidate for 
examining the phylogeny and relationships between the gymnodinoid species and 
within the microreticulate cyst group. 

Population studies rely on identifying polymorphism within a species which can be 
used to classify individuals into groups. The relationship between these groups and/or 
the frequencies of the groups (alleles in a genetic context) can be used as a measure of 
similarity between populations. The polymorphism may be morphological, 
biochemical or genetic, but must display appropriate levels of variation for a particular 
application. The hypervariable regions of the LSU-rDNA may provide variation with 
which to examine relationships among more divergent global populations of G. 
catenatum, however initial studies with a few strains have shown limited variation (C. 
Scholin pers. comm.). For these reasons, interbreeding studies and the PCR-based 
fingerprinting approach randomly amplified polymorphic DNA (RAPD-PCR) were 
investigated as a potential source of variation and genetic markers for G. catenatum 
population studies. 
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Study Outline 
To provide a strong foundation for G. catenatum biogeography this study first 
examines the distribution, phylogeny and evolution of the G. catenatum species 
complex. Intra-specific studies of the available G. catenatum populations, using 
interbreeding and molecular approaches, represent a first investigation of the dispersal 
of this organism on a global scale. The study addresses the following specific 
objectives: 
1)Develop sensitive sediment survey methods for rare cyst-forms of dinoflagellates 

and investigate means of genetic identification of rare and non-viable specimens 
using LSU-rDNA sequences (Chapter 1 and 2). 

2) By detailed cyst surveys and critical examination of existing reports, gain a more 
complete view of the distribution of the G. catenatum complex, and examine 
morphological variation within and between the three cysts forms (Chapter 4). 

3) Germinate and describe the morphological and genetic relationships between the 
three microreticulate cyst-forms (Chapter 5). 

4) Examine the phylogenetic relationships of the G. catenatum complex among the 
gymnodinoid dinoflagellates and form an evolutionary hypothesis for G. catenatum 
(Chapter 6). 

5) Investigate the potential of interbreeding, large-subunit ribosomal RNA gene 
sequences and RAPD-PCR as a means of identifying polymorphic markers to 
examine G. catenatum population relationships (Chapters 7 and 8). 
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ABSTRACT 
A method for separating and concentrating living dinoflagellate cysts from marine 
sediments, using aqueous solutions of the non-toxic chemical sodium polytungstate 
(SPT), is described. A two-phase step-gradient composed of an upper phase of filtered 

seawater and a lower phase of aqueous SPT with a specific gravity of 1.30 g cm -3  
efficiently separates inorganic particles and organic detritus, retaining living 
dinoflagellate cysts and intact pollen grains at the phase interface. A consistently higher 
number of cyst species could be identified in treated samples compared to size-
fractionated and panned samples, and recovery of living cysts was in excess of 80% of 
those present in the original sample. Step-gradients prepared from SPT have the 
advantage of a lower viscosity, and the potential of higher maximum specific gravities, 
providing flexibility in the preparation of gradients and selective recovery of live 
material. The proposed method is rapid (20-30 min), inexpensive, and effective, 
improving the percentage of living/empty cysts from as little as 4% to as much as 82%. 
No detectable or selective mortality of particular groups was evident and 25 species of 
dinoflagellate could be successfully genninated from treated samples, including those 
of the toxic species Gymnodinium catenatum Graham and Alexandrium catenella 
(W'hedon et Kofoid) Balech. The methods described here present substantial 
improvements in the time required for and the detection limits of surveys for cysts of 
toxic dinoflagellates. 

INTRODUCTION 
Many species of planktonic marine and freshwater dinoflagellates produce a resistant 
resting cyst (hypnozygote) as part of their sexual life cycle. These cysts accumulate in 
bottom sediments where both the live cysts and their discarded sporopollenin-like 
walls can persist for many years, providing an integrated record over time of the cyst-
producing dinoflagellates present in the area (Dale 1983). 

Interest in the benthic approach to dinoflagellate ecology has assumed special 
significance for species known to produce paralytic shellfish poisoning (PSP) toxins. 
The most prevalent are species of Alexandrium, Pyrodinium bahamense Plate and the 
chain-forming Gymnodinium catenatum Graham. Blooms of these species are often 
short-lived and their detection is difficult even with comprehensive plankton-
monitoring programs. Consequently, sediment surveys for the benthic resting cysts is 
a more cost-effective and reliable method for mapping the distribution of cyst-forming 
toxic species. 
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Surveys for dinoflagellate cysts usually involve the sampling of surface sediment 
followed by sonication and size fractionation to retain the 20 - 100 pm size range 
(Matsuoka et al. 1989). Sediment processed in such a way also contains varying 
amounts of inorganic sand particles and organic detritus. Organic material and cysts 
can be partially separated from sand by a process of 'panning' (e.g. Matsuoka et al. 
1989, Bolch & Hallegraeff 1990). The organic fraction is then examined 
microscopically for dinoflagellate cysts. Although this process is rapid and simple, it 
can be difficult to find and identify cysts for a variety of reasons. Firstly, it may be 
difficult to obtain sediments that have a high organic content; sandy sediments, for 
example, can have very low concentrations of cysts. Secondly, in sediments with high 
concentrations of organic material it is difficult and time consuming to find cysts for 
identification. Thirdly, despite forming dense blooms, cysts of Alexandrium species 
(e.g. A. minutum Halim) and particularly G. catenatum often represent only a small 
percentage (<5%) of the total cyst assemblage, further reducing the probability of 
detection. Finally, Alexandrium species form clear, ovoid, cylindrical or spherical 
mucilaginous cysts that are easily overlooked unless fluorescently stained with 
primuline (Yamaguchi etal. 1995) and impossible to conclusively identify without 
germination experiments on living cysts. Many non-toxic species of Fragilidium, 
Scrippsiella, Ensiculifera, Gymnodinium and Gyrodinium produce similar cysts 
(Bolch & Hallegraeff 1990), further increasing the chances of misidentification. In 
addition, some Alexandrium species include both toxic and non-toxic strains, and 
before warning shellfish industries, cyst surveys must include germination 
experiments to verify identifications and toxicity. 

Another approach for the concentration of cysts is density-gradient centrifugation. This 
process is widely used in mineral separations, and in the past few decades, 
increasingly in biological applications. The colloidal silica solution Percoll has been 
used successfully for the isolation of meiobenthos (Schwinghamer 1981), benthic 
protozoa (Alongi 1986) and live microalgae (Price et al. 1978). However, the 

maximum specific gravities (SG) achievable (1.15 g L -1 ) are not enough to retain most 
dinoflagellate cysts (Anderson etal. 1995). Higher SG can be achieved with a similar 
colloidal silica preparation called Ludox TM (Dupont Nemours), which has been 
successfully used to recover living Scrippsiella cysts from marine sediments (Blanco 
1986). However, Ludox is stored in sodium hydroxide, which is toxic to most 
organisms. Ludox also forms a thick gel on contact with solutions containing high 
levels of cations, such as seawater, requiring samples to be pre-washed in Milli-Q 
water (Blanco 1986). The non-toxic colloidal silica, called Nalco 1060, combined with 
sucrose, has been used for the separation of living dinoflagellate cysts and can achieve 



16 

specific gravities of 1.405 g L -1  (Schwinghamer et al. 1991). However, all colloidal 
silica solutions have the disadvantage of being relatively viscous even at low SG, and 
materials cannot be recycled. 

During a genetic study of Australian and overseas strains of G. catenatum it became 
necessary to establish a wide range of laboratory cultures of this species. Although the 
large, microreticulate cyst of G. catenatum is easily recognized (Anderson et al. 1988; 
Bolch & Hallegraeff 1990), at many collection sites living cysts either appeared to be 
absent or present in very low concentration (Bolch & Hallegraeff 1990, Matsuoka & 
Fukuyo 1994, Qi et al. 1996) . A density centrifugation method for the selective 
retention of live cysts was developed using the chemical sodium polytungstate (SPT), 
a non-toxic chemical that forms neutral aqueous solutions. Sodium polytungstate is 
gaining favor for mineral and palynological separations (Gregory & Johnston 1987, 
Savage 1988, Munsterman & Kerstholt 1996) and separation of benthic invertebrates 
from sediment (Robinson & Chandler 1993), and has the advantage of achieving high 

SG (up to and exceeding 3.0 g L -1 ) while retaining low viscosity. 

A method is presented for selectively enriching for living dinoflagellate cysts; this 
procedure can be carried out within 20-30 min using sonicated and size fractionated 
samples. Live cells of most of the extant cyst-forming genera represented in the test 
samples could be germinated after treatment. Although SPT is a relatively expensive 
chemical, solutions can be easily recycled by filtration and evaporation to densities 
above that used for processing. At the densities and volumes used here, the cost per 
sample is very low; 250 g of SPT is sufficient for more than 300 samples before it is 
necessary to recycle the SPT by evaporation. 

MATERIAL AND METHODS 
Sediment sampling and preparation 
Surface marine coastal sediments were collected from two sites in southeastern 
Tasmania, Australia--Sullivans Cove in the Derwent River and Long Bay near Port 
Arthur-- and one site at Cowans Creek in the Hawkesbury River Estuary, NSW, using 
a simple surface grab sampler or diver-collected core samples. Subsamples of the 
surface 5 cm were placed into plastic containers, sealed tightly, and stored in the dark 
at 4°C until further examination. 

Approximately 2 cm3  of wet sediment was mixed with c. 30 mL of filtered seawater 
(FSW) to obtain a watery slurry. The sediment suspension was sonicated for 2 min 
(Braun Labsonic homogenizer, intermediate probe, 150-200 watts) to dislodge 
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detritus. The sample was then passed through a 90 gm sieve and collected on a 
20 i_tm sieve (Bolch & Hallegraeff 1990). The 20-901.tm fraction was resuspended in 
10-20 mL of FSW and added to density gradients as described below. For quantitative 
estimates of cyst abundance in test samples, the weight of wet sediment used and the 
final volume of the sieved suspension were recorded. 

Density separations 
Stock solutions of sodium polytungstate (Sometu Ltd., sodium metatungstate) were 

prepared at a density of approximately 2.4 g cm-3  by dissolving 75 g of SPT in 25 mL 
of Milli-Q water as described by the manufacturer's instructions. From this solution 

other preparations of specific gravity (SG) 1.2, 1.3, 1.4 and 1.6 g cm-3  were made in 
MQ water by addition of appropriate amounts of the stock SPT. Step gradients were 
prepared in 10 mL screw-capped polyethylene centrifuge tubes (Sarstedt) by placing 7 
mL of sieved FSW/sediment suspension in the tube. Three mL of SPT solution was 
layered carefully beneath the sediment suspension using a Pasteur pipette. 
Alternatively, the FSW/sediment suspension could be layered onto the SPT solution 
with care taken not to disturb the density interface. Completed gradients were then 
centrifuged for 10 min at 1600 g. 

After centrifugation, the interface could be clearly recognized owing to the 
accumulation of organic material and cysts. This material and most of the overlaying 
FSW was removed by Pasteur pipette, thereby reducing the density of the recovered 
solution. The recovered material was pipetted directly into a fresh tube and centrifuged 
at 1000 g for 2 min to pellet the recovered cyst material. The supernatant was removed 
and the cysts resuspended in 5 mL of fresh FSW and then pelleted as before. The final 
concentration of the recovered cysts could then be manipulated by reduction of the 
remaining FSW to the desired volume (0.2-2.0 mL). 

Cyst relative abundance and concentration 
For comparative purposes, estimates of live cyst and germinated cyst abundances were 
carried out on all samples after sieving and panning, and after processing through a 

1.0/1.30 g mL-1  stepped SPT gradient. Subsamples of each were placed on wet-
mount glass slides and examined microscopically under a Zeiss Axioplan light 
microscope. Live cyst concentrations in the Port Arthur sample were estimated by 
direct count using a 1.0 mL Sedgewick-Rafter chamber. Estimates were made after 
sieving but before panning, and after SPT gradient centrifugation. Counts were 
carried out in triplicate, noting the number of live cysts of each species. 



18 

Germination experiments 
Individual cysts were isolated by micropipette, washed in growth medium (GSe 
medium, Blackburn et al. 1989) on a fresh slide, and transferred to a 36 mm petri dish 
containing 2 mL of GSe medium. One-mL aliquots of SPT-recovered cyst suspension 
were also inoculated directly into 55 mm petri dishes containing 10 mL of GSe 
medium. Dishes were sealed with Parafilm and incubated at 17°C under cool white 

fluorescent light (8011, moles photons m -2s-1 ) with a 12h: 12h light:dark cyc' le, and 
examined regularly for germination. Excysted cells were examined by microscopy and 
the species present was recorded. 

RESULTS AND DISCUSSION 
Sodium polytungstate has previously been used for density separations of 
palynological preparations, replacing the highly toxic Bromoform formerly used. 
Optimal recovery of dinoflagellate cyst walls was achieved with an SPT SG of 2.1 g 

cm-3 , showing a marked improvement in the cyst diversity and recovery of rare 
morphotypes. Higher SGs resulted in reduced recovery and a marked increase in 
organic material (Munsterman & Kerstholt 1996). 

Empty walls have a higher SG than intact cysts, which have densities in the range 1.05 

to 1.39 g cm-3  for the calcified Scrippsiella trochoidea Stein (Loeblich HI), and 1.15- 

1.30 g cm-3  for Alexandrium fundyense Balech (Anderson et al. 1985). 
Schwinghamer et al. (1991) has shown that cysts of A. fundyense and S. trochoidea 
are recovered from linear density gradients of Nalco 1060 within the range 1.13-1.27 g 

cm-3 , with a clear mode of 1.22 g cm -3 . 

Pilot experiments were carried out to assess the appropriate density level to retain 
dinoflagellate cysts with a minimal amount of inorganic and organic material. Port 
Arthur sediment was used because it was known to contain a high diversity and 
concentration of living dinoflagellate cysts (Bolch & Hallegraeff 1990). Step gradients 

of FSW/SPT with a lower phase SG of 1.6, 1.4 and 1.2 g cm-3  all yielded live 

dinoflagellate cysts. A lower-phase SG of 1.6 g cm -3  retained living cysts of all 
species known to be present. A considerable amount of organic detritus, diatoms and 

pollen grains were also retained. A lower-phase SG of 1.4 g cm-3  retained intact 
cysts, spores and pollen grains, and enough organic detritus to interfere with locating 

dinoflagellate cysts. A 1.2 g cm-3  lower-phase retained living cysts and intact pollen 
grains almost exclusively; however, the relative abundance of calcitic cysts was 
reduced. All following experiments were carried out with a lower phase SG of 1.30 g 
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cm-3 , which was slightly above the modal densities reported by Schwinghamer et al. 
(1991). 

Fig. 1. Proportion of empty cysts (white) and living cysts, before (black), and after SPT 
treatment (shaded) through a 1.0/1.30 g cm -3  step-gradient. 

19 

Cowans 	SPT Sullivans SPT 	Port SPT Port 
Creek 	Cowans 	Cove Sullivans Arthur Arthur 

Creek 	 Cove 
Sample 

The proportion of living cysts compared to empty cysts in SPT-recovered samples was 
substantially improved, to above 80% in all three trial samples (Fig. 1, Table 1). Final 
cyst concentration in the processed sample can be manipulated by reducing the volume 
to a desirable level in the final centrifugation step. Routinely, the volume can be 
reduced to less than 0.5 mL, allowing the entire sample to be mounted on a single 
microscope slide. 

The relative abundance of different species and the percentage of live cysts in untreated 
and SPT-treated samples are shown in Table 1. An increased range of cyst 
morphotypes could be identified from SPT-treated samples in each of the three samples 
used, with an additional seven distinct morphotypes being identified in treated 
samples. This phenomenon is due to the following contributing factors. Firstly, the 
decrease in detrital background and empty cysts, combined with the increased 
concentration of cysts, which allows a vastly greater effective volume of sediment to 
be screened within a similar period of time. Secondly, the selective enrichment of rare 
but mostly intact cyst types in preference to common but usually empty cyst types. 
This is evidenced most clearly in the Sullivans Cove sample, which was 
overwhelmingly dominated by empty cysts. The number of species recognized 
increased partly due to a greater cyst count than in the pretreated sample, however 
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cysts of Cochlodinium sp. 1, which were not encountered in previous studies (Bolch 
& Hallegraeff 1990), formed nearly 13% of the post-treatment assemblage. This 
probably represents a rare, mostly living cyst type, undetected in sieved and panned 
sediments. 

Notably, several live P. reticulatum cysts, not previously detected by the author in the 
living-state in coastal sediment samples from southeastern Tasmania, were found in the 
post-treated Sullivans Cove sample. 

Shifts in relative abundance after SPT treatment would logically be expected due to the 
differing proportions of live and empty cysts of each species. As expected, species 
such as P. reticulatum and Gonyaulax spp., which are mostly present as empty cyst 
walls, show large decreases in relative abundance (but higher proportion of live 
specimens) after treatment. Despite previous data which suggest that calcified 
Scrippsiella species have a similar SG to other species, they are under-represented after 

SPT treatment at 1.30 g cm -3  (Table 2). This is most evident in the Port Arthur 
sample where they comprise more than 21% of the cysts before treatment and only 
1.3% after treatment. Based on living cyst proportion prior to treatment, they should 
represent at least 7% in SPT-treated samples. 

The relative abundances of species groups before and after treatment, as a proportion 
of only the living cysts (as opposed to total living and empty), are similar with the 
exception of a 16% decrease in calcified Scrippsiella spp., and a 18% rise in the 
abundance of spherical mucoid Scrippsiella spp. (Figure 2). Data from Schwinghamer 
(1991) show that 95% of A. jundyense cysts retained were recovered from an SG less 
than 1.22, compared with 80% of S. trochoidea cysts. This suggests S. trochoidea 
has a larger fraction of cysts with a SG approaching the SG of the lower phase used in 
this study; however, this seems insufficient to explain the poor retention of this 
species. Comparative losses of calcitic cysts and gains of non-calcitic cysts after 
treatment were almost identical (Fig. 2) suggesting that acid decalcification of spines 
(Watanabe et al. 1982) during SPT treatment was responsible for the noted abundance 
shifts. 
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Table 1. Dinotlagellate cyst species relative abundance (as % of both living and empty cysts) and the proportion of living cysts of each morphotype (%) within and across the three sediment samples prepared by size fractionation 
and panning (pre-SPT) and SPT density centrifugation (post-SPT) using a 1.0/1.25g.L-1 step gradient. Total cyst count and percentage of live cysts in each sample is shown at the foot of the table. (-) denotes not present. 

Species 

Cowans Creek 

Pre SPT treatment 

Sullivans 	Port 
Cove 	Arthur 

Total Cowans Creek 

Post SPT treatment 

Sullivans 	Port 
Cove 	Arthur 

Total 

Scrippsiella and allied app. 
Scrippsiella ciystallina 0.9 (50) 0.4 (50) 0.6 (100) 0.3 (100) 

Scrippsiella trochoidea 1.8 (50) 1.4 (100) 21.4 (46) 6.3 (50) 0.6 (100) 1.7 (80) 1.3 (100) 1.2 (89) 

Scrippsiella spp. (mucoid app.) 8.8 (75) 2.2 (100) 25.0 (71) 10.6 (75) 24.4 	(88) 29.5 (80) 48.7 	(93) 31.1 (87) 

Scripps/el/a cf. irnariense 2.2 (60) 0.9 (100) 1.3 (67) 1.2 (100) 2.6 (100) 1.0 (100) 

Gonyaulacoid spp. 
Alerandrium cat enella 16.7 (47) 7.9 ( 47) 12.2 (100) 5.1 (100) 

Alexandrium sp. 1.3 (33) 0.6 (33) 2.1 (100) 0.9 (100) 

Fragilidium cf. subglobosum 7.9 (56) 0.9 (100) 4.0 (58) 13.1 	(95) 3.1 (100) 1.9 (100) 7.1 (96) 

Protoceratium reticulatum 32.9 (0) 61.2 (0) 33.4 (0) 0.9 (100) 5.8 (29) 1.3 	(50) 2.8 (41) 

Lingulodinium hemicystum 3.5 (0) 1.7 (0) 1.8 	(83) 0.8 (83) 

Lingulodinium sp. 0.3 (100) 0.1 (100) 

Gonyaular digitalis 0.3 (100) 0.3 (100) 0.3 (100) 

Gonyaular scrippsae 0.4 (0) 0.2 (0) 1.2 (100) 0.7 (50) 0.6 (100) 0.9 (86) 

Gonyaular spinifera 
type:Spiniferites membranaceus 0.7 (0) 0.2 (0) 1.0 (100) 0.4 (100) 

Spiniferites mirabilis 0.4 (0) 26.6 (0) 7.9 (0) 2.0 (33) 0.8 (33) 

Spiniferites ramosus 0.4 (0) 6.5 (0) 8.0 (22)  4.0 (11) 0.9 (100) 3.1 (89) 2.6 (100) 2.1 (94) 

Pyrocystis lunttla 4.4 (100) 1.7 (100) 

Perldinioid 	app. 
Protoperidinium americanum - - 0.7 (50) 0.3 (50) 

P. conicum 2.2 (0) 1.0 (0) 0.3 (100) 0.3 (100) 0.3 (100) 

P. leonis 0.3 (100) 0.3 (100) 0.3 (100) 

P. minutum 0.9 (0) 0.4 (0) 0.3 (100) 0.1 (100) 

P. oblong= 0.4 (100) 0.7 (0) 1.8 (50) 0.8 (50) 1.2 (100) 0.6 (100) 0.6 (100) 

P. subinenne 0.4 (0) 0.2 (0) 0.7 (100) 0.3 (100) 

P. cf. bipes 2.7 (100) 0.6(100) 1.9 (100) 0.4 (100) 

P. pentagon= 1.3 (33) 0.6 (33) 0.9 (100) 0.6 (100) 0.5 (100) 

Protoperidinium spp.( undifferentiated ) 3.5 (38) 11.6 (23)  4.4 (29) 7.6 	(80) 18.3 (78) 7.1 	(82) 11.6 (79) 

Diplopelta parva 2.2 (0) 0.7 (0) 1.3 (0) 0.9 (100) 0.4 (100) 

Zygabikodinium lenticulatum 2.7 (33) 0.6 (33) 1.2 (100) 1.9 (100) 0.9 (100) 

Gymnodinioid spp. 
Gymnodinium catenatum 1.8 (25) 11.6 (62) 33 (53) 2.7 (100) 2.0 (83) 13.0(100) 43 (97) 

G. catenatum (small-form) 1.0 (33) 0.4 (33) 

Cochlodinium sp. 1 12 (100) 12.9 (100) 0.6(100) 5.5 (100) 

Cochlodinium sp. 2 0.4 (100) 0.9 (100) 0.4(100) 0.6(100) 0.1 (100) 

Polykrikos sclnvartzii 3.1 (0) 45 (40) 2.5 (17) 0.6 (100) 0.7 (100) 6.5(100) 1.8 (100) 

Phaeopolykrikos cf. hartmanni 3.5 (50) 1.7 (50) 2.4 (100) 1.0 (100) 

Incertae 	sedis 
Cyst type A (conical spines) 2.6 (17) 1.3 (17) 10.1 	(85) 42 (85) 

Undifferentiated mucoid (several spp.) 0.4 (0) 8.0 (100) 2.1 (90) 10.7 	(97) 11.2 (100) 7.8(100) 10.3 (99) 

Total count 	( 	N (%living) 	) 228 (27) 139 (4) 112 (56) 479 (27) 328 	(93) 295 (82) 154 	(95) 777 (89) 

Cyst morphotypes identified  25 8 13 28 26 21 17 35 



Table 2. Group relative species abundance as a percentage of total cysts (living and empty), and percentage of living cysts of each group (in 
brackets) before and after SPT treatment. 

Species Group 

CC 

Pre-SPT treatment 

SC 	PA Total CC 

Post-SPT 

SC 

treatment 

PA Total 

Alexandrium spp. 18.0 (46) 8.6 (46) 14.3 (100) 6.0 (100) 

Other Gonyaulacoid spp. 45.6 (10) 95.0 (0) 8.9 (30) 51.4 (5) 18.6 (95) 20.3 (70) 6.5 (90) 16.9 (83) 

Gymnodinium catenatum 1.8 (25) 11.6 (62) 3.5 (53) 2.7 (100) 3.1 (67) 13.0 (100) 4.9 (92) 

Other Gymnodinioid spp. 7.0 (31) - 5.4 (50) 4.6 (36) 4.3 (100) 13.6 (100) 7.8 (100) 8.5 (100) 

Peridinoid spp. 11.0 (20) 1.4 (0) 18.8 (38) 10.0 (27) 12.5 (88) 20.7 (79)  12.3 (89) 15.6 (83) 

mucoid Scrippsiella spp. 11.0 (72) 2.2 (100) 25.9 (72) 11.9 (74) 25.6 (88) 29.5 (80)  51.3 (94) 32.2 (87) 

Calcified Scrippsiella 2.6 (50) 1.4 (100) 21.4 (46) 6.7 (50) 1.2 (100) 1.7 (80) 1.3 (100) 1.4 (91) 

Incertae sedis 3.1 (14) - 8.0 (100) 3.3 (63) 20.7 (91) 11.2 (100) 7.8 (100) 14.5 (95) 
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Fig. 2. Changes in the relative abundance of species of living cysts before (white) and after SPT 
treatment (shaded) through a 1.0/1.30 g cm -3  step-gradient. 

Despite information supplied with SPT which states that aqueous SPT solutions are 
'neutral', SPT solutions were found to be acidic, ranging from pH 4.1 for a SG of 2.4 

g cm-3 , to pH 4.9 for a SG of 1.3 g cm-3 . To counteract this problem, SPT solutions 
were prepared in phosphate buffer (pH 7.0 and pH 8.0). After repeating the density 
separations with buffered SPT, calcified S. trochoidea cysts could be recovered after 
treatment at a similar relative abundance to that before treatment (data not shown). SPT 
solutions can also be prepared with Tris-EDTA buffers or other buffers not containing 
calcium ions, which precipitate as calcium-tungstate when added to SPT solutions 
(Sometu product notes). However, it should be noted that using buffered SPT 
solutions will ultimately limit the ability to effectively recycle SPT by evaporation due 
to the gradual accumulation of dissolved salts. 

The percentage recovery of cysts is a serious concern with density centrifugation 
methods. Previous studies of cyst yield from step-gradient density centrifugation using 
Ludox-TM have shown questionable and contradictory results. Blanco (1986) reported 

an increase in cysts g-1  estimates of L. polyedra through a 1.0/1.2/1.4 g cm-3  step-
gradient, ranging from 21-40%, with no losses to the bottom pellet (Blanco 1986). On 
the other hand, Yamaguchi et al. (1995) reported losses of up to 50% of Alexandrium 
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tamarense (Lebour) Balech cysts through Ludox TM gradients using primuline 
fluorescent staining, although they did not state whether the losses represented empty 
cysts (which also stain) or living cysts. In the present study, the recovery of living 

cysts by means of a 1.0/1.30 g cm-3  SPT step-gradient was estimated using the Port 
Arthur sediment sample due to the high concentration of live cysts in untreated (sieved) 
sediment. Estimated living cyst concentration before treatment was 1930 (s.d. 80) 

cysts g-1 ; following SPT treatment we recovered 1600 (s.d. 158) cysts g -1 , 
representing an 83% recovery of living cysts. 

Table 3. Species successfully germinated after SPT density centrifugation. 

Species Germinated 

Scrippsiella and allied species 
Ensiculifera sp. 
Scrippsiella trochoidea 
Scrippsiella sp. 

Gonyaulacoid spp. 
Alexandrium catenella 
Fragilidium cf. subglobosum 
Gonyaulax spinifera 

Gymnodinioid spp. 
Cochlodinium sp. 1 
Cochlodinium sp. 2 
Gymnodinium catenatum 
Gymnodinium cf. simplex 
Gymnodinium spp. (2-3 spp.) 
Gyrodinium sp. 1 
Nematodinium armatum 
Polykrikos schwartzii 

Peridinioid spp. 
Diplopelta parva 
Protoperidinium americanum 
P. cf. avellana 
P. cf. bipes 
P. conicum 
P. leonis 
P. cf. minutum 
P. oblongum 
P. pentagonum 
P. subinerme 
Zygabikodinium lenticulatum 

• Representatives of almost all cyst-forming genera could be successfully germinated in 
growth medium after SPT treatment. At least 25 different germinated species, from 
ten genera could be identified (Table 3). In addition to the dinoflagellate cysts, several 
species of diatoms and cyanobacteria were also noted growing in germination dishes, 
indicating that many other organisms can survive the SPT processing. Significantly, 
cysts of several species not previously known from the samples were germinated, and 
two previously unknown cyst forms were identified and germinated, demonstrating the 
improvement in detection of rare cyst types (data not shown). All cysts that were 
individually isolated after treatment could be germinated. Additionally, after incubation 
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of cyst concentrates in larger petri dishes for two weeks , most cysts were empty, 
presumably having released viable progeny. 

Surveys for the cysts of the toxic species Alexandrium spp. and G. catenatum, which 
are often present at low concentrations in coastal marine sediments, require screening 
larger volumes of sediment, and therefore increased amounts of time microscopically 
examining the processed samples. The recently developed primuline fluorochrome 
staining method can significantly reduce the time required to microscopically scan 
sieved material (Yamaguchi et al. 1995). However, it stains only Alexandrium species 
and the contents of some Protoperidinium, Scrippsiella and Pyrophacus species, 
limiting its use to targetted surveys of A/exandrium spp.. Also, the method is only 
effective with fixed (glutaraldehyde and methanol) material, staining less than 10% of 
Alexandrium cysts in unfixed samples (Yamaguchi et al. 1995). The cysts of many 
Alexandrium species are indistinguishable from each other [e.g. A. tamarense, A. 
catenella, A. cohorticula (Balech) Baleen and non-toxic strains are known in some 
species, therefore the conclusive identification of Alexandrium species relies not only 
on the visual identification, but also germination and identification of the motile cells. 

Both the time required to locate and the probability of detecting live cysts are 
substantially reduced by the SPT method described, allowing efficient and reliable 
sediment surveys for cysts. However, it would be unwise to rely completely on this 
approach for surveys of toxic species, as was suggested by Schwinghamer et al. 
(1991), who used Nalco 1060. Density centrifugation at SGs significantly lower than 

2.1 g cm-3  has the potential to reduce the concentration of cyst morphotypes for 
species that are often present almost entirely as empty cyst walls, such as G. 
catenatum. The advantage of using SPT step gradients is that higher SGs are 
achievable at low viscosity compared with other agents (e.g. Ludox-TM, Nalco 1060). 
Therefore, the risk of reduced detection of empty cyst types can be substantially 
removed by processing samples through a three-step gradient consisting of SG 1.0, 

1.3 and 2.1 g cm-3 , and examining the live material at the 1.0/1.3 g cm-3  interface, 

and the empty specimens at the 1.3/2.1 g cm-3  interface. 

In summary, the use of sodium polytungstate density gradient centrifugation provides 
an improved and more flexible method for the concentration, identification and 
enumeration of living dinoflagellate cysts in natural sediments. 
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ABSTRACT 
A simple preparation method and PCR protocol is described which allows successful 
PCR amplification of partial ribosomal RNA gene sequences from as little as one 
dinoflagellate cyst or vegetative cell. Amplification from a single or small numbers 
of cysts can be applied to a range of morphologically identifiable cyst species and 
produces identical rDNA consensus sequence data as that obtained from DNA 
extractions from cultured vegetative cells of the same species. Applications of the 
approach have the potential to aid phylogenetic studies of dinoflagellates by 
improving taxonomic sampling for heterotrophic and unculturable species, provide 
data to link cysts of unknown affinites with their potential planktonic cell 
counterparts and confirm the identification of cysts which cannot be germinated or 
are non-viable. An example is presented where this method was used to confirm the 
identity and distribution of non-viable small microreticulate cysts in coastal marine 
sediment samples as belonging to the newly described species Gymnodinium 
microreticulaturn Bolch et Hallegraeff. 

INTRODUCTION 
Approximately 170 species marine planktonic dinoflagellates are known to produce a 
benthic resting stage called a hypnozygote, commonly referred to as a resting cyst; of 
these approximately 90 species have described cyst/theca relationships (Head 1996). 
Cysts settle to the bottom sediments and, after a mandatory dormancy period of 
ranging from 2 weeks to 6 months, can germinate to re-establish vegetative 
populations in the water column. Cyst walls can persist in the sediments, providing 
an integrated record of cyst-producing dinoflagellates in the area (Head 1996). 

There exist many dinoflagellates which either do not produce cysts, or for which the 
corresponding cyst stages are unknown (e.g. Gymnodinium mikimotoi Miyake et 
Kominami ex Oda). Similarly, there are also many "cyst-species" or morphotypes 
which have not been germinated to provide a definitive link to a plankton 
dinoflagellate species, such as Spiniferites Mantell cysts and corresponding cells of 
Gonyaulax Diesing. Three primary difficulties hamper the germination of cyst 
specimens. Firstly, some cyst morphotypes may never be found with cyst contents. 
Secondly, species present at low concentrations may be photographed but destroyed 
during attempts to isolate the specimen for germination, and no further specimens 
may be found for germination. Thirdly, some morphotypes show extremely poor 
viability and cannot be germinated, despite repeated attempts. Consequently, 
descriptions of cyst morphotypes of uncertain affinity are common in most studies of 
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Recent dinoflagellates (e.g. Nehring 1997, Sonneman & Hill 1997). Most difficulties, 
including low concentration of live specimens and the opportunity to recover rare 
cyst types, can be overcome by the use of a density gradient centrifugation method 
which selectively concentrates live material (e.g. Schwinghamer et al. 1991, Bolch 
1997). However, the inability to germinate specimens provides an insurmountable 
problem. 

Molecular genetic studies of dinoflagellate phylogeny are now beginning to generate 
an increasing database of dinoflagellate gene sequences, particularly of the small-
subunit (18S) and large-subunit (28S) ribosomal RNA (rRNA) genes, and the 
intervening internal transcribed spacer region (rRNA-ITS) (e.g. Scholin et al. 1994, 
1995; Adachi et al. 1996, 1997; Saunders et al. 1998; Moestrup et al. 1998). This 
recent increase in molecular data provides opportunities for the development of 
genetic probes which can aid dinoflagellate identification and routine monitoring of 
such species in the environment (e.g. Miller & Scholin 1998, Tyrrell et al. 1997). 

During sediment surveys of Australian coastal waters, cysts of potentially harmful 
dinoflagellates or of unknown affinity were frequently encountered and isolated for 
germination, however, in many cases specimens failed to excyst and the identity of 
these specimens could not be confirmed. Accordingly, a molecular genetic approach 
was devised which allowed "genetic identification" of single cysts or dinoflagellate 
cells. The method allows PCR-amplification of partial rRNA gene sequences from 
single, or small groups of cysts or cells. The ability to amplify rRNA sequences from 
cysts, particularly those of unculturable and heterotrophic dinoflagellate species, has 
the potential to contribute significantly to emerging molecular studies of 
dinoflagellate phylogeny and systematics, and resolving dinoflagellate cyst/theca 
relationships. 

MATERIAL AND METHODS 
• Cyst isolation and laboratory culture 
Surface marine coastal sediment cores were collected by benthic grab from several 
sites in Tasmanian coastal waters. Subsamples were prepared and dinoflagellate cysts 
concentrated by sodium polytungstate density gradient centrifugation (Bolch 1997). 
Cyst specimens were isolated by sterile micropipette from wet mount slides 
examined with a Zeiss Axioplan microscope. Individual cysts were isolated, washed 
in double distilled water (ddH20) on a fresh slide, and transferred to a 36 mm 

polystyrene petri dish containing 2m1 of sterile ddH20. Cysts were located using a 
dissecting microscope, transferred with a sterile micropipette into 200111 thin-walled 
PCR tubes (Quantum Scientific Plastics, Brisbane, Australia), either individually or 
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in groups of 2-8 cysts of the same species, in 5-10g1 of ddH20. Where vegetative 
cells were used, these were isolated by micropipette, washed in sterile filtered 
seawater, transferred to PCR tubes in the smallest practical volume (3-5111) to avoid 
excessive salt contamination, and frozen at -20°C until analysis. 
Cultures for positive control DNA extracts (G. catenatum, G. nolleri, G. 
microreticulatum) were grown and harvested as described by Bolch et al. (1999). 

DNA preparation and PCR conditions. 
Tubes containing cysts were defrosted to room temperature, and the cyst walls 
ruptured by repeated freeze-thaw and vacuum-drying as follows: Tubes were 
refrozen by plunging sealed tubes into liquid nitrogen, followed immediately by 2 
min. incubation at 95°C (using a thermal cycler), and immediate re-immersion in 
liquid nitrogen. Frozen tubes were defrosted at room temperature and dried in a 
vacuum drying centrifuge (DNA-mini, Heto Lab Equipment, Denmark) until 
completely dry (approx. 1 h). Tubes containing vegetative cells were vacuum dried 
directly without the freeze-thaw step. PCR reagents were added directly to the PCR 
tubes containing the dried cysts/cells and PCR carried out immediately. Cultures of 
dinoflagellates for use as positive controls for cyst amplifications were extracted 
using a modified gentle lysis, phenol:chloroform extraction method (Bolch et al. 
1998a). 

The D1, D2 and D3 conserved regions, and intervening variable domains, of the 
large subunit rRNA gene were amplified with the PCR primer pairs described in 
Table 1. These primers were designed to be dinoflagellate specific but will amplify 
rDNA from a range of other protist and micro-algal groups (N. Daugbjerg, personal 
communication). Amplifications were carried out in 100 pt volumes in 2004, thin-
walled reaction tubes using PCR buffer IV (Advanced Biotechnologies, 200mM 
(NH4)2SO4, 750 mM Tris-HC1 (pH 9.0), 0.1% Tween) and 2.0 U of Taq DNA 
polymerase (Advanced Biotechnologies, Surrey, UK). Reactions contained 3.0 mM 

MgC12, 200 iaM of each dNTP (Promega), 3 !IL of bovine serum albumin (1 mg mL - 

1 , Boeringer-Mannheim) and 100 pmoles of each primer. Amplifications were 
performed in a Perkin Elmer/Cetus GeneAmp 9600 thermocycler using the fastest 
possible transition times as follows: 2 mm. at 94°C for denaturation, followed by 30 
cycles of 94°C for 1 min., 55°C for 1.5 min., and 72°C for 1 min. with an auto- 

extension of 5 s cycle -1 . The final 72°C extension was extended by 6 minutes; PCR 
products were held at 4°C until removed and stored at -20°C. 
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Completed PCR reactions were checked for successful amplification and non-
specific PCR products by electrophoresis of 104 of product through 1% 
agarose/TBE gels. Weak amplification products were re-amplified using the "band-
stab" approach described below. Sufficient PCR product for band visualisation (10- 
8011L) was electrophoresed as described, and briefly examined using UV 
illumination (2-3 seconds). The band of interest was stabbed 2-3 times with a sterile, 
stainless steel syringe needle, the needle-tip dipped into a pre-prepared PCP reaction 
(as described previously), and PCR carried out immediately as previously described. 
PCR buffer, and unincorporated primers and dNTPs, were removed froM the 
remaining PCR product by ultrafiltration using regenerated cellulose fibre centrifuge 

columns (30,000 NMWL UltraFree-8  MC, Millipore, Bedford, MA, USA) 
according to the manufacturers instructions. Samples were resuspended in double 
distilled water and frozen until PCR-cycle-sequencing could be carried out. Both 
strands of PCR product were sequenced using standard "Big-Dye" cycle sequencing 
protocols (Applied Biotechnologies, Perkin-Elmer, USA) in separate reactions using 
either the forward or reverse amplification primers, as described by Bolch et al. 
(1999). 

RESULTS AND DISCUSSION 
Direct PCR amplification of 28S rDNA fragments was successful, using all three 
primer pairs, from either (or both) cysts and vegetative cells of 10 gymnodinoid 
dinoflagellate species and the gonyaulacoids Alexandrium tamarense and A. minutum 
(Table 1, Fig. 1), and the two dinophysoids Dinophysis acuminata and D. fortii. 
Attempted amplification from Protoperidinium spp. (from 3-5 cells or cysts) failed 
completely or returned PCR products which were significantly shorter or longer than 
expected. Sequences recovered from these fragments were either excessively noisy, 
or did not conform with the conserved/variable structured regions of rDNA, and 
appeared to be PCR amplification artifacts. Similar attempts to amplify 18S rRNA 
gene from Protoperidinium spp. by Saunders et al. (1998) also resulted in noisy or 
unusable sequences and it seems that these species either contain PCR inhibiting 
substances or are divergent from most other dinoflagellates in the PCR priming 
regions in both the 18S and 28S rRNA genes. 
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There are several points during the isolation and amplification process which could 
lead to PCR-mediated sequencing error or amplification of contaminant DNA. Due 
to the stochastic nature of PCR, the greatest risk of both these errors is in the first 
amplification from single vegetative cells or cysts, primarily due to the low copy 
number of target template DNA, and the possibility of carry-over of non-target DNA 
during cyst/cell isolation. This risk is however not as high as it may seem. 
Ribosomal RNA genes (the 18S/ITS/28S unit) are, in almost all organisms: 
distributed through the genome as regions containing multiple copies (from 100s to 
1000s of copies) with an intervening intergenic spacer (IGS) region (Jorgensen & 
Cluster 1988). Therefore, a single haploid cell, or diploid cyst, provides hundreds of 
amplifiable rDNA loci, rather than one or two, to act as starting template for PCR. 
Due to the high copy number, the effect of minor contaminant DNA and PCR 
mediated base-incorporation errors are reduced, and the sensitivity and robustness of 
the PCR amplification is increased. 

In the present work, the sensitivity of the PCR was found to be high, as tested with 
the primer pair D1R-D2C using 1 to 8 wild cysts of G. catenatum. With the 
exception of a relatively poor but adequate amplification from a single cyst (Figure 
2, lane 1), a clear band of the expected size was amplified in reactions containing 2, 
4, 6 and 8 cysts. Amplification efficiency was higher than the control DNA reaction 
in most cases (see Figure 2). Subsequent amplifications from single cysts of a variety 
of species indicate that the efficiency of the amplification depends on the state of the 
cyst isolated. Cysts which are non-viable and have visibly degraded contents (and 
therefore less undegraded rDNA) usually resulted in weak PCR amplification, 
whereas "healthy" cysts usually provided strong clean PCR products. 



Table 1. PCR amplification success from cysts,vegetative cells or extracted DNA (where available) using four sets of LSU rRNA gene PCR primers. (+) Fragment 
resolved and successfully sequenced; (-) no fragment amplified; (na) not attempted. 

Species Source Cysts, veg. 
cells or DNA 
(C, V, D) 

Amplification primers 

D1R-D2C DIR-D3B 28/860E- 
28/1973R 

28/1888F-
28/2992R 

Alexandrium catenella Hawkesbury River, NSW, Australia CD + na na 
Alexandrium minutum Newcastle Harbour, NSW, Australia / Strain ACNCO3 CD + na na 
Alexandrium tamarense Spring Bay, Tasmania (Strain ATTRA02) VD + na na 
Dinophysis acuminata Derwent Estuary, Tasmania, Australia V na + na na 
Dinophysis fortii Derwent Estuary, Tasmania, Australia V na + na na 
Gymnodinium catenatum Long Bay, Tasmania, Australia / Strain GCDE04 CVD + + + 
Gymnodinium galatheanum Strain CS-310, Lake Illawarra, NSW, Australia VD + + + 
Gymnodinium micro reticulatum Port Lincoln, South Australia / Strain GMNCO2 CVD + + + 
Gymnodinium nolleri Strain GNKB03 VD + + + 
Gyrodinium sp. 1 Deepwater Bay, Hong Kong. V + na na 
Gyrodinium sp. 2 (cf. mikimotoi) Strain Gy2DE, Derwent Estuary, Tasmania, Australia V + na na 
Gyrodinium sp. 3 Strain GY5TRA CV + + + 
Nematodinium armatum Long Bay, Tasmania, Australia + na na 
Polykrikos kofoidii Deepwater Bay, Hong Kong. + + + 
Polykrikos schwa rtzii Spring Bay, Tasmania + - + 
Protoperidinium divergens 
Protoperidinium oblongum 

Derwent Estuary, Tasmania, Australia 
Long Bay, Tasmania, Australia 

V na 
na 

_* -* 

* Weak product amplified but resulting sequence was either poorly resolved or did not correspond with LSU rRNA gene. 
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Fig. 1. Amplification of the D1-D3 region of the LSU-rDNA. Amplified fragments from cysts and 
vegetative cells. (51.1.L of 100gL PCR product loaded in lanes except lanes 2, 3, 5 and 10 where 151.LL 
is loaded). Lanes denoted with (r) are re-amplifications of the preceding lane. 

M l 	2 2r 3 	3r 4 	5 5r 	6 	7 	8 	9 9r 10 lOr 11 12 12r M 

Lanes: M, marker; 1, Gyrodinium sp. 1 (3 cells); 2, Dinophysis acuminata (4 cells); 3, Dinophysis 
fortii (4 cells); 4, G. galatheanum (3 cells); 5, G. microreticulatum (3 cysts); 6, Gyrodinium sp. 2 (2 
cells); 7, Gyrodinium sp. 3 (3 cells); 8, Gyrodinium uncatenum (3 cells); 9, Gyrodinium sp. 3 (3 cysts); 
10, Nematodinium armatum (2 cysts); 11, Polykrikos kofoidii (3 cysts), 12, Polykrikos schwartzii (3 
cysts). 

Several experiments to verify the sequencing accuracy of the methods were carried 
out. Gymnodinium catenatum was selected as a test organism due to the ready 
availability in the laboratory of cultured cells, cultured cysts and wild cyst material. 
DNA sequence from all three rDNA regions of G. catenatum strain GCCC21 
(Cowans Creek, NSW) and from control amplifications from DNA extracts of strain 
GCPTL01-4 (Port Lincoln, SA) were compared with sequences obtained from initial 
amplifications directly from vegetative cells, cultured and wild cysts, and from 
"band-stab" re-amplified PCR product. In all cases, the DNA sequence recovered 
was identical to that from the control sequences. 

PCR amplification directly from whole cells of cyanobacteria and bacteria has 
previously been shown to be successful, and in many cases more reliable than from 
DNA obtained from typical extraction protocols (e.g. Mazurier & Wernars 1992, 
Howitt 1996). In these cases, cultures were diluted to known concentrations and 
small volumes added directly to reactions, and the approach presented as a means of 
avoiding lengthy and often unsuccessful DNA extractions. The methods here 
represent relatively straightforward applications of micropipette isolation and PCR 
amplification. However, the combination of careful micropipette isolation and a 
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sensitive robust PCR using semi-specific primers, provides a versatile and important 
addition to the traditional culture /morphological methods used in dinoflagellate (and 
other micro-algal) systematic research. 

Fig. 2. Amplification of dinoflagellate LSU rDNA (approx. 700 base pairs of DI-D2 region) from 1 
to 8 cells/cysts. Numbers over the lanes are the number of cysts used in the PCR reaction. Each lane 
is lOgL, of a 1004, PCR reaction. The positive control is amplified from 20 ng of G. catenatum DNA 
(GCPTL01-4). The negative control is the same reaction with filtered seawater added using the same 
micro-pippette. Note: There is a faint band in lane 1. 

Number of cysts 
1 
	

2 	4 	6 	+ve 	-ye 

The genetic identification approach can also be used to discriminate morphologically 
similar cyst species. The microreticulate cyst-forming species, Gymnodinium 
catenatum Graham, G. nolleri Ellegaard et Moestrup and G. micro reticulatum Bolch 
et Hallegraeff show a cline of variation in cyst morphology, with significant overlap 
in size ranges (Bolch et al. 1998b). As a result, G. catenatum and G. nolleri, and G. 
nolleri and G. microreticulatum have been confused or not resolved by many earlier 
workers (e.g. Dale et al. 1993, Nehring 1995, 1997), resulting in misleading 
hypotheses of dispersal and current distribution of the toxic species G. catenatum 
(e.g. Nehring 1995). Using the methods presented, even non-viable specimens in the 
overlap size range can be isolated to verify which of the species are present in 
samples. 

The present methods have successfully verified the identity and distribution of small 
microreticulate dinoflagellate cysts at Australian sites where no apparently viable 
specimens could be found. The cyst specimens at several sites were demonstrated to 
have identical DNA sequences across the D1-D2 region of the 28S rRNA gene, 
despite their distribution in both tropical and temperate areas (Bolch et al. 1999). 
Subsequently, successful germination from one site allowed the morphological 
description of the new species, G. microreticulatum Bolch et Hallegraeff and the 
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DNA sequences obtained from cultures were confirmed identical to those of the cysts 
(Bolch et al. 1999). The same approach has also confirmed the presence G. 
microreticulatum in Chinese (Hong Kong) coastal waters. 

The genetic identification methods presented here provide a useful addition to 
approaches for studies of dinoflagellate phylogeny. More importantly, they provide a 
means of linking molecular genetic approaches with traditional morphological 
systematics for species which cannot be maintained in laboratory culture. These 
methods are currently being used to examine cyst-forms of uncertain affinity and 
extend phylogenetic studies of dinoflagellates to non-culturable and heterotrophic 
species. 
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ABSTRACT 
The distribution, abundance and morphology of microreticulate dinoflagellate cysts 
were examined from surface sediments from 17 Australian locations concentrated by 
sodium polytungstate density centrifugation. Australian material was compared with 
several non-Australian cyst samples and previous literature reports. Three distinct 
microreticulate species were resolved in samples on the basis of size, colour and 
variation in microreticulate morphology; G. catenatum Graham (36-62 pm diameter) , 
G. nolleri Ellegaard et Moestrup (25-40 gm) and G. micro reticulatum Bolch et 

Hallegraeff (17-29 gm). Only cysts of G. catenatum and G. micro reticulatum were 
present in Australian sediments, clearly distinguishable at co-occurring sites by their 
differing colour and size distribution. Cysts of both species were rare, usually 
representing less than 5% of cysts at most sites, however, G. micoreticulatum was the 
dominant species (28%) in the port of Albany, WA. Spatial heterogeneity among 
sample sites at a given location (proportion of sites where species were detected) was 
generally low. Both species can be found at most Tasmanian sites, however G. 

microreticulatum was found in sediments from tropical and temperate sites in both 
eastern and western mainland Australia. In contrast, G. catenatum was restricted to the 
eastern coast of Tasmania, southern Victoria, Port Lincoln (South Australia) and the 
Hawkesbury Estuary (NSW). Significant between location variation in G. catenatum 

cyst size was observed, with mean diameters varying from 40.1 gm (Hawkesbury 
River NSW) to 52.3 gm (Port Lincoln, SA). Laboratory crossing experiments 
indicated that these size differences could be predominantly population specific rather 
than environmentally induced, suggesting that the Hawkesbury Estuary population 
may be distinct from other Australian G. catenatum. Similarity in size between 
Tasmanian G. catenatum cysts and those from Port Lincoln and southern Victoria, 
reinforce the hypothesis of mainland populations being derived from secondary 
dispersal of Tasmanian G. catenatum. The disjunct global distribution of G. catenatum 

is interpreted after re-consideration of the species responsible for microreticulate cysts 
reports. 
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INTRODUCTION 
Short-lived blooms of toxic dinoflagellate species, such as Alexandrium spp., 
Pyrodinium bahamense Plate and Gymnodinium catenatum Graham, may remain 
undetected even by well designed plankton monitoring programs, particularly when 
blooms extend into previously unaffected areas. A well established and cost effective 
means of mapping toxic species is to survey coastal and estuarine sediments for 
benthic resting cysts (Anderson et al. 1995). A potential short-coming of this approach 
is that dinoflagellate cysts of some species (e.g. A/exandrium spp.) can be difficult to 
identify conclusively from cyst records alone. 

During the mid-1970's the geographic extent and frequency of blooms of the toxic 
(PSP) species Gymnodinium catenatum increased dramatically. Blooms and associated 
PSP episodes have now been recorded from Spain, Portugal, Mexico, Venezuela, 
Argentina, Uruguay, Japan, South Korea and southern Australia (Tasmania) 
(Hallgraeff & Fraga 1998). Mapping the distribution of G. catenatum is assisted by the 
unique microreticulate morphology of the resting cysts, whose surface ornamentation 
reflect the amphiesmal vesicles of the vegetative cells, including the cingulum, sulcus, 
and apical groove (Anderson et al. 1988, Hallegraeff et al. 1989). Since the original 
description of G. catenatum cysts from Spanish waters (Anderson et al. 1988), 
microreticulate cysts have been reported from an increasing number of sites world-
wide, including areas where plankton cells of G. catenatum have rarely or never been 
recorded, such as the Baltic Sea (Ellegaard et al. 1993), the North Sea (Nehring 1995), 
the Mediterranean Sea (Montresor et al. 1998), the south China coast (Qi et al. 1996) 
and the Victorian coast of mainland Australia (Sonneman & Hill 1997). 

The reported diameters of microreticulate cysts vary considerably (17-63 p.m), 
displaying a bimodal size distribution at some sites (Bolch & Hallegraeff 1990, Qi et 
al. 1996, Bravo & Ramillo 1999) and it has been suggested that they represent a 
species complex of two or more related species (Hallegraeff & Fraga 1998). Cyst 
diameters from Baltic Sea sediments are consistently smaller (30-40 gm) than typical 
G. catenatum cysts (37-6211m) (compare Ellegaard et al. 1993 with Anderson et al, 
1988, Bolch & Hallegraeff 1990 and Matsuoka & Fukuyo 1994). Recent studies of 
cultured cells established from these smaller G. catenatum-like cysts indicated that 
these cells are morphologically, biochemically and genetically different from G. 
catenatum (Ellegaard & Oshima 1998) and belong to a closely related, non-toxic 
gymnodinoid dinoflagellate recently described as the new species G. nolleri Ellegaard 
et Moestrup (Ellegaard & Moestrup 1999). 
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Benthic surveys of cysts in Australian waters have previously identified at least two 
distinct size morphotypes of microreticulate cysts, thus-far restricted to south-eastern 
Tasmania (Bolch & Hallegraeff 1990), and more recently detected on the southern 
Victorian coast of mainland Australia (Sonneman & Hill 1997). The smaller 
morphotype (Gymnodinium sp. 1, Bolch & Hallegraeff 1990) has recently been 
shown to belong to a previously undescribed small gymnodinoid dinoflagellate, 
Gymnodinium microreticulatum Bolch et Hallegraeff, which is morphologically and 
genetically distinct from both G. catenatum and G. nolleri (Bolch et al. 1999b). 

The importance of G. catenatum to the aquaculture industry, its alarming global spread 
during the last two decades and more recent spread to mainland Australia (Sonneman 
& Hill 1997, Bolch et al. 1998), underline the importance of clearly resolving 
microreticulate cyst-species and their global distribution. This study extends the known 
distribution of microreticulate cysts and examines the relative abundance and 
morphological variation of these cysts across 15 sites in Australian waters. Previous 
reports are examined to clarify Australian and global distributions of microreticulate 
cyst species and reassess global species dispersal hypotheses for the PSP-producing 
species G. catenatum. The potential of temperature and genetic factors which influence 
cyst size variation in G. catenatum is examined using laboratory culture crossing 
studies. 

MATERIAL AND METHODS 
Sediment collection and processing 
Surface coastal marine sediments were collected from a range of Australian estuaries 
and coastal sites (Fig. 1) either as cores (50 mm diameter, 30 cm depth) by SCUBA-
divers, or by benthic grab. Subsamples of the surface 5 cm were placed into plastic 
containers, sealed tightly and stored in the dark at 4°C until further examination. 

Approximately 2 cm3  of wet sediment was mixed with 30 mL of filtered seawater 
(FSW) to obtain a watery slurry. The sediment suspension was sonicated for 2 min 
(Braun Labsonic homogenizer, intermediate probe, 150-200 watts) to dislodge 
detritus. The sample was then passed through a 90 gm sieve and collected on a 
20 pm sieve (Bolch & Hallegraeff 1990). Living and intact cysts were concentrated 

by density gradient centrifugation (1.0/1.3 g cm-3  step gradient) using sodium 
polytungstate (Sometu Ltd., sodium metatungstate) as described by Bolch (1997). 
Cyst concentrates were examined as wet mount slides using a Zeiss Axioplan 
microscope. All dinoflagellate cysts were identified to genus and species level where 



Figure 1. Sites sampled intensively for microreticulate cysts during this study. 
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possible. Relative abundance of gymnodinoid and microreticulate cysts, and the 
proportion of samples (percentage) with microreticulate species, were calculated for 
each sampling site. The diameter of all microreticulate cyst specimens encountered was 
determined microscopically to a precision of 1.2 gm (x 640 mag., half micrometer 
division). Size distributions were plotted with a 2.0 pm class interval at sites where 
sufficient intact specimens could be found. 

Laboratory culture and germination experiments 
Identification of cyst specimens from survey samples which were of uncertain affinity 
were carried out as follows. Individual cysts isolated by micropipette were washed in 
sterile growth medium (GSe medium, Blackburn et al. 1989) on a fresh slide and 
transferred to a 36 mm polystyrene petri dish containing 2 mL of GSe medium. Petri-
dishes were sealed with Parafilm, incubated at 20°C under cool white fluorescent light 

(80-100 iu moles photons m -2s-1 ) with a 12h:12h light:dark cycle, and examined 
regularly for germination. After germination cyst walls were examined by light 
microscopy and excysted cells cultured under the conditions described above. 
Microreticulate specimens which failed to germinate within 14 days were identified by 
direct sequencing of the large-subunit ribosomal RNA gene (Bolch, unpublished 
methods; Chapter 3) and compared with reference sequences obtained from laboratory-
cultured gymnodinoid dinoflagellates. 

Laboratory mating studies 
A range of sexually compatible Australian, Japanese and Spanish strains (see 
Blackburn et al. 1989, Bolch et al. 1999a and Blackburn et al. 1999 for strain details) 
were acclimatised at 15°C, 18°C and 25°C for 8 weeks prior to experimental crossing 
studies. Strains were crossed according to the methods of Blackburn et al. (1989). 
Briefly, 1 mL of a late-logarithmic-phase culture of each strain was added to 10 mL of 
nitrate and phosphate deficient liquid GSe growth medium (GSe -P) contained in a 55 
mm polystyrene petri-dish. Dishes were sealed with parafilm and incubated at the 
acclimatised temperature (15, 18 or 25°C) at an incident light intensity of 150 pmole 
photons s - ' with a 12:121L:D cycle. Dishes were examined every 3-4 days for cyst', 
formation and replaced at random to limit any positional or light variation effect among 
individual crosses during incubation. After 4 weeks the diameter of 30 randomly 
selected cysts (where possible) was measured in-situ using a Zeiss Axiovert 25 
inverted light microscope. Diameters were measured to the nearest 2 pm (x400, half 
micrometer division). The cyst measurements from crosses were subjected to analysis 
of variance (ANOVA) using the SYSTAT 8.0®  statistical package to examine the effect 
of crossing strain and temperature on cyst diameter. The significance of differing 
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means was examined using the Tukey post-hoc test which corrects significance levels 
for multiple pairwise comparisons (corrected a-level = 0.05). 

RESULTS 
Relative abundance 

Table 1. Relative abundance (% of live cysts) of gymnodinoid and microreticulate cysts in 
Australian coastal and estuarine sites. 

Port/Estuary Sites 	Cysts 
sampled counted 

Gymno. Gymnodinium 
cysts 	catenatum 
(%) 

mean 	sites 
(%) 

Gymnodinium 
microreticulatum 

mean 	sites 
(%) 

Long Bay, Tas. 2 154 20.7 13.0 100 0.2 50 
Port Lincoln, SA 21 2228 12.7 4.5 71 4.8 81 
Derwent River, Tas. 1 295 16.6 2.0 100 1.0 100 
Spring Bay, Tas. 3 570 15.2 3.1 100 0.2 33 
Hawkesbury R., NSW 1 328 6.9 2.7 100 
Hastings Bay, Tas. 1 146 16.5 2.2 100 ■1. 

Georges Bay, Tas. 3 628 13.5 <0.1 33 
Albany, WA 3 196 28.1 28.1 100 
Port Hedland, WA 10 3991 2.3 1.4 80 
Newcastle, NSW 12 4835 2.8 - 1.0 92 
Mackay, Qld 3 951 3.6 - 0.5 33 
Bunbury, WA 9 1580 4.3 - 0.4 78 
Mersey River, Tas. 7 1627 4.7 
Hay Point, Qld 11 2092 2.9 - 
Twofold Bay, NSW 7 890 2.7 
Darwin Harbour, NT 8 625 1.6 - 
Lady Barron, Tas. 3 202 0.5 

The relative abundance of gymnodinoid cysts at the sites examined was highly 
variable, ranging from 28% at Albany down to 0.5% at Lady Barron (Table 1). Of the 
gymnodinoid cyst species identified, microreticulate species formed a significant 
proportion (18-100%) at all sites except Georges Bay, where one specimen was 
observed during relative abundance counts and only three specimens observed during 
intensive, non-quantitative screening. The mean relative abundance of microreticulate 
cysts, compared to all dinoflagellate cysts, was generally less than 5% with the 
exception of Long Bay (13%) and Albany (28%). Within each sample location spatial 
variation was evident. The number of cores in which microreticulate cysts could be 
detected was usually higher than 50%, however, at Georges Bay, Spring Bay, and 
Mackay only 1 in 3 cores (33%) collected contained microreticulate species. 
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Microreticulate size variation 
Most significantly, four sites displayed bi-modal size distributions of microreticulate 
cyst sizes (e.g. Fig. 2, Port Lincoln), indicating the presence of two cyst species. 

Fig. 2. Size distribution of microreticulate cysts in surface sediments of Port Lincoln, South 
Australia. 
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Cyst diameter (gm) 

The larger mode around 50 gm is consistent with cysts of G. catenatum and the 
smaller mode around 25 gm is known to be consistent with cysts of the newly 
described G. microreticulatum (Bolch et al. 1999b). 

When size distribution of microreticulate cysts was examined across all sites a tri-
modal distribution was evident. The additional mode, centered around 41gm, was 
contributed almost entirely by G. catenatum cysts from the Hawkesbury River (Fig. 
3). Examination of mean and standard deviation of cyst sizes across sites where cysts 
were abundant showed that Australian G. catenatum varied from 37-62 11111, with a 
mean diameter varying from 48.4 -52.3 pm (Table 2). Analysis of variance showed 
significant differences among the cyst diameters at Australian sites. 

Hawkesbury River cysts were significantly smaller than cysts at other sites (P<0.001). 
Mean diameter at Bass River, Victoria was similar to that of Long Bay, Tasmania 
(P=0.073), but significantly smaller than at Port Lincoln (P<0.001); no significant size 
difference was noted between Long Bay and Port Lincoln cysts (P=0.11). Less 
variation in G. microreticulatum cyst diameter was evident among sites, with 
individual cysts ranging from 17-29 gm, and means at each site ranging from 22.4- 
25.4 gm. 
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The Australian material collected was compared with samples collected from 
previously undescribed overseas locations in Hong Kong and Uruguay (Table 2). 
Mean diameters of cysts from Hong Kong (48.2 gm) were not significantly different 
from typical Australian populations (P=0.15), however, Uruguayan G. catenatum 

cysts were significantly smaller (P<0.001) than those at Long Bay, Port Lincoln or 
Bass River, but larger than cysts from Hawkesbury River, NSW (P<0.001). 
Australian G. catenatum and G. microreticulatum cysts were also compared with cysts 
of the European microreticulate cyst species G. nolleri (Table 2). G. nolleri cysts 
ranged from 24-36 gm (sample means ranged from 30.0-33.5 gm), substantially 
overlapping the range of both G. microreticulatum and smaller populations of G. 

catenatum, but with a clearly intermediate mean/mode to that of the three Australian 
size-modes. 

Fig. 3. Size distribution of microreticulate cysts in surface sediments across all Australian sites. 
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Table 2. Mean diameter (gm) of microreticulate cysts of G. catenatum and G. micro reticulatum from selected Australian sites compared with those 
from Uruguay (Punte del Este), Hong Kong (Deepwater Bay), and samples of G. nolleri from three European sites. 

Site G. catenatum 
(N) 	mean 

(gm) 
min. max. s.d. 

G. 	microreticulatum 
(N) 	mean 	min. 

(pm) 
max. s.d. 

Australia 
Bass River, Vic. 11 48.4 43 55 2.8 - - - - 
Hawkesbury River, NSW 55 40.1 35 44 2.0 - - - 
Long Bay, Tas. 103 50.8 37 62 3.4 13 .23.2 17 26 1.3 
Port Lincoln, SA 53 52.3 43 62 2.8 15 24.2 22 26 1.1 
Newcastle, NSW - - - 25 25.4 23 29 1.5 
Mackay, Qld. - - 8 22.2 19 26 2.2 
Albany, WA - - 14 23.5 21 27 1.5 
Bunbury, WA - - - 7 24.7 21 27 2.6 
Pt Hedland, WA - - 31 24.4 21 27 1.7 

Non-Australian 
Uruguay 41 43.5 36 50 2.7 2 24 23 25 1.4 
Hong Kong 8 48.2 43 54 2.6 5 22.6 19 25 2.3 
Spanish/Portuguese Coast' - 43-45 36 60 _ 

G. 	nolleri cysts 
Kiel Bight 25 33.5 28 38 3.1 
Spain/Portugal - 28-30' 24 36 
Italy (Naples)2  59 31.3 25 36 3.0 

'Median, minimum and maximum diameters from Bravo & Ramilo (1999) 
2  Samples of G. cf. nolleri cysts provided by M. Montresor (Stazione Anton Dohrn, Naples) 
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Germination experiments 
Germination experiments were carried out with cysts from each of the three size modes 
to confirm cyst identity. Specimens from Long Bay, Port Lincoln and Spring Bay (50 
gm mode) germinated to produce typical motile cells of G. catenatum. Specimens from 
Hawkesbury River and Uruguay (41-43 gm mode) also germinated to produce G. 
catenatum cells of similar cellular dimensions. Specimens from the small mode (25 
gm) germinated from Newcastle and Uruguay samples produced small gymnodinoid 
cells consistent with G. microreticulatum (Bolch et al. 1999b). Amplification of rDNA 
from non-viable G. cf microreticulatum specimens from Port Hedland, Mackay, and 
Uruguay and Hong Kong confirmed the small cyst (25 gm mode) at each of these sites 
to be G. microreticulatum by rDNA sequence similarity (see Chapters 3 and 6). 

Table 3. Mean diameter of G. catenatum cysts produced in varying crosses at three different 
temperatures. 

Temperature 
(°C) 

Mating strains Cyst diameter (gm) 
(N) 	mean s.d. 

15 DE06 JP03 30 51.2 3.5 
DE08 JP03 30 52.3 3.0 

18 DE06 GC21V 30 41.0 3.6 
DE06 GC9V 30 43.9 3.1 
DE06 HUll 30 46.9 3.1 
DE06 JP01 30 47.6 3.9 
JP01 GC21V 30 42.0 3.1 
JP01 GC9V 30 45.5 2.7 
JP01 JP10 30 42.7 5.1 
JP01 LB14 30 43.3 2.5 

25 DE06 HUH 30 47.6 3.5 
DE06 JP01 30 50.5 3.7 
DE08 HUll 26 52.6 7.1 
DE08 JP01 30 52.9 5.9 
JP01 GC21V 30 42.3 5.0 
JP01 JP03 30 45.8 4.2 

Laboratory crossing experiments 
A number of the selected strains displayed poor growth at either 15°C or 25°C, which 
is close to the growth min./max. for G. catenatum (Blackburn et al. 1989), and 
acclimation of all strains at all three temperatures was, unfortunately, not possible. To 
minimise possible effects of severe growth stress, crosses were carried out only with 
strains showing successful temperature acclimation and subsequent vigorous growth. 
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The mean diameter of cysts from experimental crosses at each of the three temperatures 
are shown in Table 3. Unexpectedly, the effect of crossing pair was highly significant 
among crosses at both 18°C (df=7, P<0.001) and 25°C (df=5, P<0.001). The two 
crosses carried out at 15°C showed no significant difference in mean cyst size, 
although both crosses included a strain in common (.11301) and Tasmanian strains 
which derive from the same source population (Derwent River). As the successful 
crosses at each temperature were not identical, the highly significant crossing-pair 
effect confounded comparison of cyst size between the three temperatures. 
Examination of mean cysts sizes from identical crosses (DE06xHU11, JP01xGC21V, 
DE06xJP01) at 18°C compared with 25°C, showed no significant difference in mean 
cyst size (t-test, df=1, P>0.05). 

DISCUSSION 
Morphological variation and species resolution 
The apparent uniqueness (naked, chain-founing) of G. catenatum plankton cells have 
paradoxically been a source of taxonomic confusion for plankton workers; many 
reports have identified any naked chain-former as G. catenatum based on gross 
morphological similarity (e.g. Carrada et al. 1991). Poor preservation of G. catenatum 

in common fixatives has also contributed to regular mis-identification and lack of 
recognition of the diversity of these relatively uncommon dinoflagellates. It is now 
clear that there are a number of distinct naked, chain-forming species such as 
Gyrodinium impudicum Fraga et Bravo, Cochlodinium polykrikoides Margalef and 
Cochlodinium catenatum Okamura. 

Similarly, the distinctive microreticulate ornamentation of G. catenatum cysts, which 
make this species so easily recognised from cyst records, has also fostered a lack of 
detailed examination of such specimens. Distinct differences in the size of 
microreticulate cyst specimens have been noted since the palaeo-oceanographic studies 
of Holocene Baltic Sea sediments by Nordberg and Bergsten (1988) who initially 
failed to recognise the modern affinities of their material, referring it to a new fossil 
taxon, Varia sp. A. Germination experiments with live specimens discovered in 
surface sediments of the Baltic Sea revealed that the cysts belonged to a dinoflagellate 
similar to G. catenatum, but somewhat smaller, non-chain-forming (2 cells max.) and 
non-toxic (Ellegaard et al. 1993) and now described as Gymnodinium nolleri 

(Ellegaard & Moestrup 1999). Studies of Tasmanian sediments also discovered a 
smaller form of microreticulate cyst which could not be completely identified, and was 
called Gymnodinium sp. 1 (Bolch & Hallegraeff 1990), but has since been described 
as Gymnodinium microreticulatum (Bolch et al. 1999b). 
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Figure 4. Species size range (grey bars) and individual sample population means (white strips) of 
microreticulate cyst species examined in this study. Species overlap areas (vertical shading). 
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The motile forms of these species are clearly distinguishable (Bolch et al. 1999b), 
however the resting cysts are not so easily distinguished by morphological means. 
This study demonstrates that the cyst size ranges of the three species overlap 
considerably and that separation of species purely by size is confounded by 
considerable population variation within species (e.g. Hawkesbury River vs Port 
Lincoln). Identification based on single cysts in or near the overlap zones of the three 
species distributions (Fig. 4) is difficult to establish and verify without incubation 
experiments or genetic confirmation using PCR methods (Chapter 3). Species 
identifications should be based on (and reported as) at least several specimens and, 
where possible, size distributions should be examined at 2-3 jim intervals (e.g. Bravo 
& Ramillo 1999, Ellegaard & Moestrup 1999) to reveal possible bi- and tri-modal size 
distributions which indicate the presence of two or more species. 

In the absence of size range/distribution data there are a few characters which may 
assist species discrimination of individual specimens. Cysts of G. microreticulatum 
can be distinguished from G. nolleri cysts due to their pale-brown colour, compared to 
the red-brown of G. nolleri (Bolch et al. 1999b). Differences in the relative size and 
shape of microreticulate pattern, particularly in the ventral parasulcal region 
differentiate G. nolleri from similarly sized G. catenatum (Ellegaard & Moestrup 
1999), however, these are difficult to describe, quantify and examine without scanning 
electron microscopy. A more simply examined character is the cingulum impression on 
cysts which, compared to the cyst diameter, is proportionally narrower on G. 
catenatum cysts (<0.25 of cyst diameter) than on either G. nolleri and G. 
microreticulatum (>0.25 of cyst diameter) (Bolch et al. 1999b). 
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Microreticulate cyst species abundance and distribution 
Gymnodinoid and particularly microreticulate cysts are generally rare in coastal marine 
sediments (Matsuoka & Fukuyo 1994) exhibiting patchy distributions, indicative of 
rare or cryptic species, or specific environmental requirements for growth and cyst 
deposition. The use of sodium polytungstate density centrifugation for the 
concentration of cyst specimens (Bolch 1997) generally assisted the ability to detect 
and identify gymnodinoid species. Importantly, this study indicated that 
microreticulate species, when present in an area, can be a significant proportion of 
gymnodinoid species and be reliably mapped using intensive cyst survey methods. 

The extent of saltwater intrusion in an estuary will clearly limit the landward 
distribution of marine species. Dinoflagellate assemblages in eastern Australian waters 
appear relatively homogenous within an estuary but seaward clines in abundance 
and/or shifts in species dominance are not uncommon (McMinn 1991). Some spatial 
heterogeneity in cyst species composition and abundance was observed among 
samples collected from individual sampling locations, particularly in the estuarine 
locations. However, in the universally deeper port environments sampled here (>5 
metres), microreticulate cyst-species were found at a high proportion of sites, 
indicating that a limited number of cores from high depositional areas can adequately 
represent the location's microreticulate cyst assemblage. 

Both microreticulate cyst-species in Australian waters can be found in coastal bays and 
estuaries, co-occuring at a number of sites. Australian G. catenatum is restricted to 
south-eastern Tasmania, Port Lincoln, southern Victoria and the isolated record from 
the Hawkesbury Estuary (Fig. 5). 

The broader distribution of the smaller G. microreticulatum in both tropical (e.g. Port 
Hedland, Mackay) and temperate (e.g. southeastern Tasmania) estuaries (Fig. 6), 
suggests that G. microreticulatum has either a broader environmental tolerance than G. 

catenatum or a preference for warmer coastal waters. The latter may explain why G. 

micro reticulatum is rare relative to G. catenatum in Tasmania, being restricted to a few 
protected bays in the south-east, and why plankton cells have never been detected in 
Tasmanian waters. The one mainland Australian site where both species are common 
(Port Lincoln, SA), generally exhibits a temperate dinoflagellate cyst-flora, however, 
the presence of warm-water indicator species (e.g. Protoperidinium latissimum, 

Pyrophacus spp.) suggests a markedly warmer environment or occasional/seasonal 
warm-water intrusions. Plankton cells of G. microreticulatum have also been recently 
detected in Port Lincoln (April 1999). 
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Plankton cells of G. catenatum have only been detected three times on mainland 
Australian coasts: at Port Lincoln in 1996 (Bolch et al. 1998), a single chain seen in 
1993 at Hastings, Victoria (site 22 of Sonneman & Hill 1997, D. Hill pers. comm ), 
and several chains of cells noted in the Hawkesbury River estuary in 1998 (G. 
Hallegraeff, unpubl. data). The cyst sample from Bass River reported here is from the 
original 1993 sample of Sonneman and Hill (1997). Resampling of the same.sites in 
1996 by the author (CJSB) detected only a few highly fragmented G. catenatum 
specimens in the port area of Portland, Victoria, but not at other resampled sites (Bolch 
& Sonneman, unpubl. data). With the exception of Portland, the sites were generally 
shallow bays with large tidal fluxes and sandy, presumably mobile, bottom sediment, 
illustrating the potentially transient nature of cyst records in the area, providing a note 
of caution about the use of cyst records to infer planktonic cell distribution. The 
planktonic origin of the relatively abundant surface G.catenatum cysts at coastal 
Victorian sites in May 1993 remains obscure. 

Size variation in G. catenatum 
Due to the rarity of microreticulate cysts at most sites, early reports of G. catenatum 
cysts were often based on a small number of fragmented or poorly described 
specimens, or single specimen records. Only with the investigation of Baltic Sea cysts, 
belonging to G. nolleri, has the importance of size and varying reticulate morphology 
become apparent. Consequently, differences in cysts size in earlier reports are not 
easily interpreted beyond probable separation into the three species now described. 
The additional findings of population variation in cyst size distribution in this study 
adds further to the importance of fully documenting sizes accurately. 

Initial investigations of the data here, combined with other literature reports (Ellegaard 
et al. 1993, Nehring 1997, Montresor et al. 1998, Ellegaard & Moestrup 1999), 
pointed toward smaller cysts at lower latitudes in each species, suggesting a 
temperature effect on cyst size. However, no significant effect of temperature could be 
demonstrated in laboratory culture using G. catenatum as a test organism, although the 
data was limited to three crosses at two temperatures. In contrast, a much more 
significant effect of the crossing strain was evident. This suggests that the cyst size 
may be driven more by population specific genetic factors, either inherent in each 
population, or perhaps environmentally driven over longer time scales by selection for 
populations with different size characteristics. Alternatively, other nutritional and/or 
environmental factors not investigated here may significantly affect cyst size. 
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In any one hypnozygote (cyst) each individual cyst represents a genetically different 
combination of parental alleles, with two individual strains contributing to the genetic 
makeup and size of cysts in any one cross. Cyst volume (and diameter) may simply 
reflect the combined volume of the two gametes, or alternatively the interaction of a 
number of genetic factors which influence cytoplasm contraction or loss and/or the 
timing of cell wall production in the planozygote stage. The latter is perhaps more 
likely as G. catenatum is considered to be an isogamous species (Blackburn et al. 
1989). Supporting this are the documented differences in life history characteristics 
between different inter-population crosses, such as the rate of onset of gametogenesis 
and cyst production, and varying cyst dormancy (Chapter 7, Blackburn et al. 1999). 
Due to the combined contribution of both parental cultures, the results are difficult to 
interpret, however careful examination of the average diameter from the individual 
crosses reveals some correlations between cyst diameter and the cross parents. 
Crosses involving the Spanish strains GC9V and GC21V, Japanese strain JP10, and 
to a lesser extent Tasmanian strain LB 14, all exhibited smaller mean diameters (41.0 - 
45.5 gm). Crosses between other strains (JP03, JP01, DE06, DE08 and HU11) 
produced larger mean diameters (45.8-45.5 gm). Interestingly, the mean diameter of 
cysts from crosses with Spanish strains coincides well with mean diameters observed 
in field material from Spanish waters (43-45 gm, Bravo & Ramillo 1999), reinforcing 
the notion of population specific tendencies toward larger or smaller cysts. 

G. catenatum global distribution reassessed 
The possibility of population specific variation of cyst size may provide useful clues to 
the dispersal of G. catenatum into new areas. For example, examination of field 
sample cysts in Australian waters shows that mean sizes were not significantly 
different between Tasmania and Port Lincoln. This supports data from molecular 
comparisons indicating genetic similarity between these populations (Bolch et al. 
1998, 1999a). Additionally, preliminary analysis of PS13  toxin profiles of Port Lincoln 
strains show the same characteristic profile as Tasmanian strains, including the 
apparently unique deoxy-decarbamoyl-saxitoxins (Negri & Bolch, unpubl. data; 
Oshima et al. 1993). 
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Table 4. Previously published reports of microreticulate dinoflagellate cysts and the probable microreticulate species responsible for the record. Figures in brackets represent median values or 
estimates of mean diameter calculated from size class data. Dash (-) = not stated. Probable species assignment is based on the published size range, morphological evidence available, and 
evidence of bi-modal distributions. 

Location Size range mean Reference Species 	present 
(gm) diameter 

(gm) 
Europe I 
Subfossil (Kattegat) 

,.. 
25-40 30.5 Nordberg & Bergsten (1988), 

Dale & Nordberg (1993) 
G. cf. nolleri 

34 — Thorsen etal. (1995) G. cf. nolleri 
Subfossil (Kattegat/Skagerrak) 24-40 (30.2) Thorsen & Dale (1998) G. cf. nolleri 
Denmark (Kattegat) 30-40 — Ellegaard et al. (1993) G. nolleri 

28-38 32 Ellegaard & Moestrup (1999) G. nolleri 
Germany (North Sea) 30-38 — Nehring (1995) G. nolleri 
Germany (Kiel Bight) 30-38 — Nehring (1995, 1997) G. nolleri 
Germany (Kiel Bight) 30-35 — Nehring (1994) G. nolleri 
Spain (Rias Gallegas) 30 — Blanco (1989) G. cf. nolleri 
Spain (Ria Gallegas) 38-60 49 Anderson etal. (1988) G. catenatum 

Blanco (1995) 
Spain (NW shelf) 36-58 . (44) Bravo & Rarnillo (1999) G. catenatum 
Spain (NW shelf) 24-36 (29) Bravo & Ramillo (1999) G. nolleri 
Portugal 26-52 44 Amorin & Dale (1998) G. catenatum/G. cf. nolleri (undiffer.) 
Italy (Naples) 25-36 31.3 Montresor etal. (1998) G. nolleri 

Nth Africa 
Morocco and Canary Islands 30-36 Wamaar etal. (1998) G. nolleri 
Morocco and Canary Islands 50 J. Warnaar (pers. comm.) G. catenatum 

South East Asia 
Japan (Yatsushiro, Seto Sea) 45-63 — Matsuoka & Fukuyo (1994) G. catenatum 
Japan (Aso/Mine Bay Tsushima Is.) 30 — Matsuoka & Lee (1994) G. cf. catenatum 
Sth Korea (Chinhae Bay) — — Kim et al. (1996) G. catenatum 
China (Dapeng Bay) 40-45 — Qi. et al. (1996) G. catenatum 
China (Dapeng Bay) 20-25 — Qi. et al. (1996) G. micro reticulatum 

India 
Kumta and Nethravathi Estuaries 
(near Mangalore) 

42-48 Godhe etal. (1996) G. carenatum 

Australia 
South-east Tasmania 37 — Hallegraeff et al. (1989) G. catenatum 

42-52 — Blackburn etal. (1989) G. catenatum 
43-55 — Bolch & Hallegraeff (1990) G. catenatum 
17-22 — Bolch & Hallegraeff (1990) G. microreticulatum 

Southern Victoria 45-51 — Sonneman & Hill (1997) G. catenatum 

South America 
Mar del Plata, Argentina Akselman etal. (1998) 

Ballast water 
Entering Australia 47 — Hallegraeff & Bolch (1992) G. catenatum 
Entering Scotland 25-35 — MacDonald & Davidson (1998) G. nolleri 
Entering Britain 30 — Hamer etal. (1998) G. nolleri 
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The data reinforces the hypothesis that mainland G. catenatum populations result from 
secondary spread of Tasmanian G. catenatum via a domestic shipping vector between 
the Tasmanian port of Hobart and Port Lincoln, South Australia. Cyst diameters from 
Hawkesbury River are, however, significantly smaller suggesting that this population 
may have been independently introduced from a completely different source. 

The current global distribution of G. catenatum, the historical sequence of reports and 
the inferred dispersal patterns of this important toxic species are confused by the poor 
recognition of species with the G. catenatum cyst complex. In light of the current 
knowledge, careful re-examinantion of previous literature reports of microreticulate 
cysts can now clarify which species is responsible for particular cyst records (Table 
4). The small cysts of G. microreticulatum have been rarely reported and due to their 
small size have rarely been confused with G. catenatum. Currently G. 

microreticulatum is known from Australia, Uruguay, Hong Kong and the Chinese 
coast, but is likely to be more widespread (Fig. 7). The distribution of Gymnodinium 

nolleri appears confined to European and North African coasts, from the Baltic Sea 
and southern Norway in the northern Europe south to the Atlantic coast of Spain, 
Portugal and North Africa (Morocco), and most probably including areas of the 
Mediterranean Sea (Italy) (Fig. 7.). 

The larger cysts of toxic G. catenatum can now be interpreted as isolated, but 
apparently spreading populations superimposed on a background of the two more 
broadly distributed microreticulate species, G. microreticulatum in Asia and Australia, 
and G. nolleri in Europe (Fig. 8). In Australia, G. catenatum is restricted to southern 
Tasmania, and appears to have spread to the southern coast of mainland Australia. It is 
now known from Port Lincoln in the west, across to Lakes Entrance in the east, and 
Hawkesbury River, NSW. In Europe, G. catenatum appears to be restricted to the 
Western coast of Spain and Portugal, around the entrance of the Mediterranean Sea 
and south to the Atlantic coast of Morocco near Casablanca (Joutei 1998). In Asia, G. 

catenatum is widespread in southern Japan and southern South Korea but has not been 
detected further south on the Chinese coast except for the port of Hong Kong and 
surrounding bays (Qi et al. 1996, the present work). Two isolated, but verified 
plankton reports exist for the tropical western Pacific region: Manila Bay, Philippines 
(Fukuyo et al. 1993) and Palau (G.Hallegraeff, unpubl. data). 

Reports of microreticulate cysts and Gymnodinium catenatum are absent from the 
Atlantic coast of North America, and the Pacific coast of South America. South 
American reports from the Atlantic coast centre around the Mar del Plata between 
Argentina and Uruguay (Akselman et al. 1998, this study). Recent plankton reports 





Figure 8. Distribution of Gymnodinium catenatum after discounting reports of G. microreticulatum and G. nolleri 
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also indicate G. catenatum is present on the Brazilian coast to the north of Uruguay 
(Proenca et al. 1999) and the coast of Venezuela (La Barbera-Sanchez et al. 1993). On 
the Pacific coast, plankton cell reports indicate that G. catenatum is present in the Gulf 
of California (Graham 1942, Morey-Gaines 1982), the Mexican coast around Mazatlan 
(Mee et al. 1986, Cortes-Altimirano 1987) and probably south to the Gulfo de Nicoya, 
Costa Rica (Viquez & Hargraves 1995). 

The resolution of cysts of the G.catenatum species complex has allowed a more 
accurate appraisal of the distribution of the three microreticulate cyst-forming species. 
In addition to aiding understanding of the global dispersal of G. catenatum, the broad 
distribution of G. microreticulatum and the restriction of G. nolleri to Europe may 
provide some tantalising clues for the evolutionary history of the microreticulate cyst-
forming group of dinoflagellates. Study of cyst and plankton distributions of these 
distinctive species provides a unique opportunity to examine speciation and historical 
biogeography of a coastal planktonic dinoflagellate group, and ultimately unravel the 
complex biogeography of the toxic dinoflagellate Gymnodinium catenatum. 
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ABSTRACT 
A new microreticulate cyst-producing dinoflagellate, Gymnodinium 
microreticulatum Bolch et Hallegraeff (Gymnodiniaceae) is described from 
laboratory cultures established from germinated cysts collected in Newcastle 
Harbour, NSW, Australia. The species is a small, ovoid to biconical, dinoflagellate 
with an anticlockwise apical groove encircling the apex. The vegetative cell and cyst 
features, as well as the chloroplast structure and pigment composition, are similar to 
those of the only two other known species forming microreticulate cysts, the PSP-
toxin producer Gymnodinium catenatum Graham, and the non-toxic Gymnodinium 
nolleri Ellegaard et Moestrup. G. micro reticulatum is also non-toxic, however the 
cysts (17-28p,m diameter) are much smaller and the vegetative cells (20-34gm long, 
15-22 gm wide) do not form chains and have a prominent, large nucleus positioned in 
the epicone of the cell. The cingulum is a descending left spiral which is displaced 
1/4 to 1/3 the length of the cell with no torsion. DNA sequencing of the D1-D2 
region of the large subunit ribosomal RNA gene indicates that the new species is 
genetically distinct (>15% divergence) from, but most closely related to G. nolleri, 
G. catenatum, and to several other horseshoe-shaped apical groove gymnodinioid 
dinoflagellates, which include the type species Gymnodinium fuscum Stein. 

INTRODUCTION 
The resting cyst (hypnozygote) of the chain-forming, toxic dinoflagellate 
Gymnodinium catenatum Graham was first described from incubated plankton 
samples from the Ria de Vigo, Spain (Anderson et al. 1988). The spherical, red-
brown, organic-walled cysts showed a unique microreticulate surface ornamentation 
reflecting the amphiesmal vesicles of the vegetative cells, including those delineating 
the cingulum, sulcus, and horse-shoe shaped apical groove. Since the original 
description, microreticulate cysts have been reported from an increasing number of 
sites world-wide (reviewed by Hallegraeff & Fraga 1998), including areas where 
plankton cells of G. catenatum have rarely or never been recorded such as the Baltic 
Sea (Ellegaard et al. 1993), the North Sea (Nehring 1994, 1997), the Mediterranean 
Sea (Montresor et al. 1998), the south China coast (Qi et al. 1996) and the Victorian 
coast of mainland Australia (Sonneman & Hill 1997). 

During a dinoflagellate cyst survey of Tasmanian coastal waters, small cysts (17-22 
gm) with microreticulate markings identical to cysts of G. catenatum were found to 
co-occur at low frequency with typical G. catenatum (43-62gm diameter) cysts 
(Bolch & Hallegraeff 1990). At that time, a single live cyst was germinated to 
produce a small, gymnodinioid 2-celled chain, which unfortunately did not survive, 
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and was referred to as Gymnodinium sp. 1 (Bolch & Hallegraeff 1990, fig 34). 
Consequently the relationship of these cysts to G. catenatum remained unknown. It 
had been suggested that they may be cysts of a "small-chain G. catenatum" known 
from bloom areas in Spanish waters (Bolch & Hallegraeff 1990), however these cells 
have since been described as a distinct species, Gyrodinium impudicum Fraga et 
Bravo (Fraga et al. 1995) which produces a clear-walled, flattened mucoid cyst 
(Sonneman & Hill 1997; K. Matsuoka, personal communication). 

In Tasmanian coastal estuaries, the "small" microreticulate cyst-type isqure and 
almost always empty, or non-viable. As a result, isolation of live cysts followed by 
germination experiments has not been successful. However, during an intensive 
dinoflagellate cyst surveys of a number of coastal sites in southern Australia, we 
discovered a site from which several live cysts could be successfully isolated. In this 
paper we describe the small microreticulate cysts and the corresponding vegetative 
cells of a new species, Gymnodinium microreticulatum sp. nov., which is proved to 
be morphologically and genetically distinct from Gymnodinium catenatum Graham. 

MATERIAL AND METHODS 
Sediment collection and processing 
Surface marine coastal sediment cores were collected by SCUBA-diver from several 
ports and estuaries, Mackay (Queensland), Newcastle (New South Wales), Port 
Lincoln (South Australia), Albany, Bunbury, and Port Hedland (Western Australia) 
and southern Tasmania. Subsamples of the surface 5 cm were placed into plastic 
containers, sealed tightly, and stored in the dark at 4°C until further examination. 

Approximately 2 cm3  of wet sediment was mixed with 30 mL of filtered (Whatman 
GFC) seawater (FSW) to obtain a watery slurry. The sediment suspension was 
sonicated for 2 min (Braun Labsonic homogenizer, intermediate probe, 150-200 
watts) to dislodge detritus. The sample was then passed through a 90-1,im sieve and 
collected on a 20-gm sieve (Bolch & Hallegraeff 1990). Living and intact cysts were 

concentrated by density gradient centrifugation (1.0/1.3 g cm-3  step gradient) using 
sodium polytungstate (sodium metatungstate, Sometu Ltd.) as described by Bolch 
(1997). Cyst concentrates were examined as wet mount slides using a Zeiss Axioplan 
microscope. Live cyst specimens were photographed and isolated as described 
below. 
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Cyst isolation and laboratory culture 
Individual cysts were isolated by micropipette, washed in growth medium (GSe 
medium, Blackburn et al. 1989) on a fresh slide, and transferred to a 36-mm 
polystyrene petri dish containing 2 mL of GSe medium. Petri-dishes were sealed 
with Parafilm and incubated at 20°C under cool white fluorescent light (80-100 g 

mol photons m-2s -1 ) with a 12h:12h light:dark cycle, and examined regularly for 
germination. After getmination, cyst walls were examined by light micros -dopy and 
excysted cells cultured under the conditions described above. 

Cultures used in this investigation are held by the University of Tasmania, School of 
Plant Science Algal Culture Collection (Hobart, Tasmania, Australia) , and a 
duplicate of the type culture is deposited with the CSIRO Collection of Living 
Microalgae, CSIRO Division of Marine Research, Hobart, Tasmania, Australia. 

Electron Microscopy 
For scanning electron microscopy, 10 mL of logarithmic growth-phase culture 
(GMNC01-2, GMNCO3) was harvested by gentle centrifugation (<500 g) and fixed 
by addition of an equal volume of 4% osmium tetroxide prepared in FSW of the 
same salinity as the culture medium. Fixed cells were washed in FSW, 50% FSW, 
and twice in distilled water before being dehydrated in increasing concentrations of 
acetone. Fixed, dehydrated cells were critical-point dried from liquid CO2 (Balzers 

CPD030, Balzers, Germany) onto 2-gm Nucleopore filters. Cleaned cyst samples 
were dehydrated in increasing concentrations of acetone, collected on Nuclepore 
filters and critical-point dried. Portions of these filters were mounted on aluminium 
stubs, sputter-coated with gold and examined with an Electroscan environmental 
scanning electron microscope (ESEM) optimised for conventional SEM on dry 
samples. 

Biochemical analyses 
• PIGMENTS: Ten mL of a mid-logarithmic growth-phase culture of G. 
micro reticulatum (GMNC01) were gently filtered onto a Whatman GFF glass fibre 
filter and immediately extracted in 98:2 methanol:ammonium acetate. The extracts 
were analysed using a Waters high performance liquid chromatograph (HPLC), 
comprising a 600 controller, 717 plus refrigerated autosampler and a 996 photo-
diode array detector. Pigments were separated using a stainless steel 25 cm x 4.6 mm 
I.D. column packed with ODS2 of 5-gm particle size (SGE) with gradient elution 
(Wright et al. 1991). The separated pigments were detected at 436 nm and identified 
against standard spectra using Waters Millenium software. 
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TOXINS: Cultures of G. microreticulatum (NC01-1, NCO2 and NCO3) and G. 
catenatum (GCDE09) were grown in duplicate batch culture in 120 mL of GSe 
medium in 200 mL conical erlenmeyer flasks. For paralytic shellfish toxin (PST) and 
mouse bioassay analyses, late-logarithmic growth-phase 100 mL cultures were 
filtered gently onto 47mm glass-fibre filters (Whatman GFC), placed in 1-3mL of 
0.05N acetic acid, and sonicated, on ice, three times for 20 seconds (Braun-Labsonic, 
small probe 80 watts) to fragment the vegetative cells. Cell extracts for mouse 
bioassay of water soluble toxins were centrifuged at 6000 g for 5 minutes to remove 
glass-fibre filter material and cell debris, and the liquid removed with a pasteur 
pipette. Extracts for mouse bioassay of lipid soluble toxins were prepared using the 
methods of Lewis et al. (1991). All extracts were frozen at -20°C and transported to 
the testing laboratory for analysis. 

Analyses of the three classes of PST (C-toxins, GTX's and STX's, each common to 
G. catenatum) in the extracts were conducted according to the HPLC methods of 
Negri & Jones (1995). Separations were performed on a Waters 600 HPLC, 
combined with a Pickering PCX 5100 Post-Column Reactor using 5[tm, 250 x 4.6 
mm Alltima ODS column (Alltech, IL) at a flow rate of 0.8 mL min 1 . Post-column 
oxidation followed the method of Oshima et al. (1993). Fluorescent PST derivatives 
were detected using a Linear LC305 spectrofluorometric detector with excitation at 
330 nm and emission at 390 nm. PST's were identified by comparison of retention 
times and fluorescence emission maxima with PST standards, the disappearance of 
peaks after eliminating post-column oxidation, and sample spiking experiments. PST 
standards were kindly donated by Professor Y. Oshima (Tohoku University, Japan) 
and Dr S. Hall (US Food and Drug Administration, Washington, USA). 

DNA extraction and PCR conditions. 
Ten mL of mid-logarithmic phase cultures of G. microreticulatum (GMNC01-2, 
GMNCO2, GMNCO3), G. nolleri (GNKB01, GNKB02, GNKB03) and Australian 
(GCCC16 and GCCC21, GCDE04, GCLB14, GCPTL01-4), Japanese (GCJP10) and 
Spanish (GCSP03) isolates of G. catenatum was harvested by centrifugation (2000 g, 
5 min) and the growth medium decanted away. From this point, DNA extraction was 
carried out using a phenol:chloroform:isoamyl alcohol extraction method (Scholin et 
al. 1994) modified as described by Bolch et al. (1998a). Subsamples of extracted 

DNA were diluted to an approximate concentration of 10 ng ptL -1  for PCR. The D1- 
D2 conserved regions, and intervening variable domain, of the large subunit rRNA 
gene was amplified with the PCR primers (D1R and D2C) of Scholin et al. (1994), 
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using the PCR conditions described below: Amplifications were carried out in 100 
pt volumes in 200pL thin-walled reaction tubes using PCR buffer IV (Advanced 
Biotechnologies, 200mM (NH4)2SO4, 750mM Tris-HC1 (pH 9.0), 0.1% Tween) and 
2.0 U of Taq DNA polymerase (Advanced Biotechnologies, Surrey, UK). Reactions 
contained 25 ng of total DNA, 3.0 mM MgC12, 200 p.M of each dNTP (Promega), 3 

pL of bovine serum albumin (1 mg mL -1 , Boeringer-Mannheim) and 100 pmol of 
each primer. Amplifications were performed in a Perkin Elmer/Cetus GeneAmp 
9600 thermocycler using the fastest possible transition times as follows: 2 min. at 
94°C for denaturation, followed by 30 cycles of 94°C for 1 min, 55°C for 1.5 mm, 

and 72°C for 1 mm with an auto-extension of 5 s cycle -1 . The final 72°C extension 
was extended by 6 minutes. PCR products were held at 4°C until removed and stored 
at -20°C. 

Completed PCR reactions were checked for successful amplification and non-
specific PCR products by electrophoresis of 10pL of product through 1% 
agarose/TBE gels. PCR buffer, and unincorporated primers and dNTPs, were 
removed from the remaining product by ultrafiltration using regenerated cellulose 

fibre centrifuge columns (30,000 NMWL UltraFree-® MC, Millipore, Bedford, MA, 
USA) according to the manufacturers instructions. Samples were resuspended in 
double distilled water and frozen until sequencing could be carried out. 

DNA sequencing 
Both strands of PCR product were sequenced in separate reactions using either the 
forward (D 1R) or reverse (D2C) amplification primers. Cycle-sequencing was 

carried out with ABI PRISM® "Big-Dye" terminator chemistry (PE Applied 
Biosystems, USA) using 50-70 ng of PCR-template, 3.2 pmol of primer per 20 p,L 
reaction, and the standard cycling parameters ("Big-Dye" Protocol, PE Applied 
Biosystems, USA). Sequencing products were electrophoresed on an ABI-377 
sequencer (PE Applied Biosystems, USA) using standard protocols and gel 
conditions. Sequence data were checked by manual inspection of the 
electropherograms of both forward and reverse sequences. The two sequences were 
aligned and ambiguous base-calls and conflicts resolved by comparison of forward 
and reverse electropherograms using Sequence Navigator 1.0.1 (PE Applied 
Biosystems, USA) to establish a consensus sequence. Completed sequences from 
strains were aligned using the Clustal aligment option of Sequence Navigator, using 
the default settings for gap inclusion and extension. Resulting alignments were 
checked by eye and alignment errors corrected manually. 



DESCRIPTION AND OBSERVATIONS 

Gymnodinium microreticulatum Bolch et Hallegraeff sp. nov. 

Figs 1-18 
DIAGNOSIS: Cellulae dinoflagellatae nudae, ovoideae vel bi-conicae, a latere leviter ccdipressae, 

20-34 i.un longae, 15-22 p.m latae, altitudine dorsiventrali 15-24 p.m altae, solitariae, parce binae. 

Cingulum descendens, bene definitum, alte excavatum, aequatorie dispositum, per 0.25-0.33 

longitudinem cellulae dislocatum. Sulcus in hypocono insidens, bene definitus, ad antapicem leviter 

incrassatus, in epicono protrudens, in striam tecte ventralem transeuns, stria in acrobasem 

hippocrepidam extendens et antihelite versus apicem circumabiens. Nuclei sphaerici, vulge dinokari, 

in epicono et ad apicem cellulae omnino siti. Chloroplasti viridifusci, peripherice locati, multilobi, 

lobis longitrorsum orientes et ad cellam paralleli. Cystidii quiescentia sphaerici, 17-28 pm diam, 

pallide brunnei ad pallide purpureo-brunnei, pariete cystidii cum reticulis polygoniis elevatis obtecti 

(reticulis cingulum, sulcum, striam apicalem et vesiculas amphiesmatae in cellula vegeta reflectentia). 

Crassitudo paracinguli longitudine circa 0.30 cystidii diametro aequans. Archeopyla chasmata, e para-

acrobasem versus antapicem extendens, vulgo secus para-sulcum oriens. 

Dinoflagellate cells naked, ovoid to bi-conical, slightly laterally compressed. Length 
20-34 gm, width 15-22 gm, dorso-ventral depth 15-24gm. Cells single, rarely in 
pairs. Cingulum descending, well defined, deeply excavated, equatorially placed, 
displaced by 0.25-0.33 of cell length. Sulcus on hypocone well defined, broadening 
slightly toward antapex. Sulcus protrudes into the epicone, becoming a straight 
ventral groove extending into a horse-shoe shaped acrobase encircling the apex in 
anticlockwise direction. Nucleus spherical, typical dinokaryon, situated entirely in 
epicone near apex of cell. Chloroplasts greenish-brown, peripherally located, multi-
lobed, lobes oriented longitudinally and parallel to the cell. Resting cysts spherical, 
17-28 gm, pale brown to pale purplish-brown. Cyst wall covered with raised 
polygonal reticulations which reflect the cingulum, sulcus, apical groove and 

• amphiesmal vesicles of the vegetative cell. Paracingulum width approximately 0.30 
of cyst diameter. Archeopyle chasmic, extends from the para-acrobase toward 
antapex, commonly oriented along the parasulcus. 

HOLOTYPE: Fig. 1. Type strain GMNCO2, a culture established from a single 
resting cyst from sediments collected in Newcastle Harbour, NSW, Australia in 
August 1997. The type culture is deposited in the algal culture collections of the 
University of Tasmania (School of Plant Science, Hobart, Tasmania, Australia), and 
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the CSIRO Collection of Living Marine Algae (CSIRO Marine Research, Hobart, 
Tasmania, Australia). 

ETYMOLOGY: Latin: micros- small; reticulatus- netted. Refers to the small 
reticulate pattern of both the amphiesmal vesicles of the vegetative cells and the 
surface of the resting cysts. 

TYPE LOCALITY: Newcastle Harbour, New South Wales, Australia. 

SYNONYMS: Gymnodinium sp. 1, Bolch & Hallegraeff (1990), fig. 34; 
Gymnodinium sp., Qi et al. (1996), plate 2, figs K, L. 

DISTRIBUTION AND OTHER REPORTS: Vegetative cells have, thus far, not been 
unambiguously confirmed from the water column in any Australian waters. Resting 
cysts corresponding to the descriptions here are widespread in both tropical (Mackay, 
Queensland; Port Hedland, Western Australia) and temperate Australian ports and 
estuaries (Newcastle, New South Wales; southeastern Tasmania; Port Lincoln, South 
Australia; Albany and Bunbury, Western Australia). Cysts are usually a rare 
component of the dinoflagellate cyst assemblage, representing <1% of total cysts in 
most localities. However, they represent up to 40% of cysts in the port of Albany, 
and nearby Oyster Inlet, Western Australia (Bolch, unpublished data). Genetic 
identity of non-viable cysts from Port Lincoln, Port Hedland and Mackay have been 
confirmed by DNA sequencing of the D1-D2 region of the ribosomal RNA gene 
directly from isolated and washed cysts (Bolch, unpublished methods). Sequences 
obtained were indistinguishable from those obtained from cultures established from 
Newcastle cysts (NC01-2, NCO2, NCO3). Two cyst specimens of G. 
microreticulatum have also been germinated from sediments collected from Punta 
del Este in the Mar del Plata, Uruguay (Bolch & Mendez, unpublished data). 

In addition, cysts are known from numerous bays and estuaries along the Chinese 
coast stretching from the mouth of the Yangtze River to Dapeng Bay, north-east of 
Hong Kong Island (Qi et al. 1996). This latter report refers to a microreticulate cyst 
of pale-purple colour with a size range of 20-2511m, consistent with the observations 
reported here. Similar small microreticulate cysts are present in sediments collected 
from Hong Kong (Bolch & Dickman, unpublished data) and southern Japanese 
waters (K. Matsuoka, personal communication). 

DESCRIPTION: Cells of Gymnodinium microreticulatum are ovoid to bi-conical 
with a flattened apex and antapex (compare Figs 1, 2, 4, 5, 10, 11). Cells are often 
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Figs 1-9. LM. Gymnodinium microreticulatum Bola et Hallegraeff sp. nov. All scale bars = 
10pm. 

Fig. 1. Ventral view of vegetative cell showing the sigmoidal curve of the sulcus, and the 
sharply defined, deeply excavated cingulum. 

Fig. 2. Ventral view of vegetative cell displaying a number of "ridges" (r) on  the  hypocone. 
Fig. 3. Ventral/apical view showing the groove-like extension of the sulcus (s) continuing 

into a loop-shaped apical groove encircling the apex. 
Fig. 4. Optical section of a cell showing the large, spherical nucleus (n), positioned in the 

centre of the epicone. 
Fig. 5. Optical cross-section showing cell shape. 
Fig. 6. Slightly flattened cell which shows the distribution and orientation of  the  multi-lobed 

chloroplasts (c). 
Fig. 7. Culture-produced resting cyst with evenly distributed globular contents. 
Fig. 8. Cyst-wall of a germinated resting cyst. Note the chasmic archeopyle extending away 

from the para-acrobase (g). 
Fig. 9. Same cyst showing the anti-parallel orientation of the archeopyle compared with the 

paracingulum (c). 



Figs 10-18. SEM. Gymnodinium microreticulatum Bolch et Hallegraeff sp. nov. All scale bars = 
15iim except: Fig. 16, scale bar = 1011m; Fig. 17, scale bar = 201.im. 

Fig. 10. Ventral view of cell. Note the extension of the sulcus on the epicone. 
Fig. 11. Ventral view of vegetative cell. 
Fig. 12. Lateral view of vegetative cell. 
Fig. 13. Lateral view of cell which shows the amphiesmal vesicle patterns on the cell surface. 
Fig. 14. Antapical view illustrating the undulations of the surface of the hypocone. 
Fig. 15. Lateral view of a vegetative cell with undulating hypocone. 
Fig. 16. Detail of apex of vegetative cell showing the horse-shoe shaped apical groove (g) encircling 

the apex (approx. 270 degrees) which does not reconnect with the sulcal groove. 
Fig. 17. Resting cyst from sediments collected from Long Bay, Port Arthur Tasmania. The para- 

acrobase (g), the parasulcus (s), and the paracingulum (c) can be seen. 
Fig. 18. Resting cyst from sediments collected from Port Lincoln, South Australia. An irregular 

fractured breach is present, and the outlines of both paracingular margins (Cl, C2) can be 
seen. 
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slightly laterally compressed such that the dorsoventral cell depth is slightly greater 
than the cell transdiameter (Figs 12, 13). When viewed laterally, both epicone and 
hypocone may be slightly concave on some specimens (Fig. 5). Cells are found as 
single cells, rarely in pairs after the second cell division subsequent to cyst 
germination. They vary in length from 20 to 34 gm (mean= 24gm), and in width 
from 15 to 22 gm (mean= 17gm). The dorso-ventral depth is 15-24gm (mean= 
19gm). The cell surface is smooth, however, after osmium fixation and using SEM 
examination, some cells show a reticulate network of raised ridges which presumably 
corresponds to the amphiesmal vesicles (Fig. 13); these patterns are noVvisible on 
unstained living cells. The hypocone is sometimes undulate (Figs 2, 14, 15), 
possessing parallel longitudinal ridges and valleys [Fig. 2(r)] which give the 
antapical region a crenulate cross-section (Fig. 14). The cingulum is a descending 
spiral, sharply defined, deeply excavated, equatorially placed and displaced by 1/4 to 
1/3 of cell length (Figs 1, 2, 10). The sulcus extends into the epicone and is slightly 
sigmoidal in living material (Figs 1, 2, 3) but can appear straight on some specimens 
after osmium fixation for electron microscopy (Fig. 1). On the epicone, the sulcus is 
narrow, well defined and groove-like (Figs 2, 3, 10, 11) and extends into a horse-
shoe shaped apical groove (acrobase) encircling the apex in an anticlockwise 
direction (approx. 270 degrees) which does not reconnect with or reenter the sulcus 
[Fig. 16(g)]. On the hypocone, the sulcus is well defined and deep, broadening 
slightly toward the antapex. The nucleus and chloroplasts are the most distinctive 
features which can be used to distinguish this species from many other small 
gymnodinioid dinoflagellates. The chloroplasts are brownish-green in colour, multi-
lobed and peripherally placed in the cell with the lobes roughly parallel to the cell 
wall and oriented longitudinally from the apices to the cingulum [Fig. 6(c)]. The 
nucleus is a prominent typical dinokaryon, which is spherical and situated entirely in 
the epicone toward the apex of the cell [Fig. 4(n), Fig. 5], and fills most of the 
epicone. Consequently, live cells exhibit a pale, yellowish epicone which sharply 
contrasts with the green-brown colour of the hypocone. 

Resting cysts of Gymnodinium microreticulatum are spherical and 17-28 gm 
(mean=24 gm) in diameter. The cyst wall is pale brown to purplish-brown in colour 
and is covered with a network of raised ridges forming a pattern of polygonal 
reticulations which reflect the amphiesmal vesicles of the vegetative cell (Figs 8, 9, 
17, 18). Features outlined include the paracingulum [Fig. 9(c), Fig. 18], parasulcus, 
and para-apical groove [Fig. 8(g), Fig. 17]. The paracingulum is delineated, on both 
the apical and antapical sides, by two rows of flattened paravesicles. On the apical 
side, the first (external to cingulum) row of paravesicles are compressed and 
pentagonal, meeting the next row of roughly square (internal) paravesicles along a 
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straight margin which defines the upper margin of the paracingulum (Cl, Fig. 18). 
The antapical (lower) side is defined by two identically oriented rows of 
paravesicles, such that the internal row is pentagonal and the external row is 
squarish. On this lower margin (C2, Fig. 18), the pentagonal row is less compressed 
than than those forming the upper margin. Germination of the cyst is through a 
chasmic archeopyle (Figs 8, 9). The archeopyle is usually, but not always, oriented 
along the parasulcal line of the cyst, extending from the para-apical groove-around to 
the antapex, illustrated by comparing the relation of the archeopyle to the para-apical 
groove and its near-perpendicular orientation to the paracingulum (Figs 8, 9). 

TOXINS: HPLC analysis of PST was carried out using 3 strains of Gymnodinium 
microreticulatum (NC01-2, NCO2 and NCO3). An example chromatogram is shown 
in Figure 19a. The few visible peaks did not correspond to PST compounds. Analysis 
of G. catenatum strain GCDE09 exhibited the typical suite of PST characteristic of 
G. catenatum strains isolated from Tasmanian plankton samples (Fig. 19b), which 
have been previously documented by Oshima et al. (1993). No mouse bioassay 
toxicity, or mouse death was observed with either aqueous or lipid soluble cell 
extracts. No characteristic PSP, DSP, or NSP symptoms were noted during the 24 
hours of observation after inoculation. 

PIGMENTS: HPLC chloroplast pigment analysis of Gymnodinium micro reticulatum 
strain NC01-2 is shown in comparison with Gymnodinium catenatum strain LB 14 
(Fig. 20). The pigments present were chlorophylls a, and chlorophylls Ci and C2 

which are not resolved with the HPLC system used. The carotenoids present were 
peridinin, dinoxanthin, diadinoxanthin, and b,b-carotene. These mirror the 
comparative analysis of G. catenatum (shown in dashed line) with the exception that 
G. catenatum contained small amounts of diatoxanthin. Additionally, the small peak 
at retention time = 8.478 min (peak 1) in G. catenatum showed a spectral absorbance 
close to that of carotenoid-P468. The UV-spectral absorption of a similar small peak 
(peak la, RT= 8.573 min) in G. micro reticulatum NC01-2 did not correspond with 
carotenoid-P468. 
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Fig. 19. HPLC chromatograms of post-column oxidation products from the three HPLC-paralytic 
shellfish toxin analyses c-toxins, GTX's and STX's. (a) Analyses of Gymnodinium microreticulatum 
strain NC01-2. (b) Gymnodinium catenatum strain GCDE09. Peaks: 1, Cl and C2; 2, C3; 3, C4; 4, 
GTX4; 5, GTX1; 6, dcGTX3; 7, GTX5; 8, dcGTX2; 9, GTX3; 10, GTX2; 11, dcSTX; 12, STX; 13, 
possibly deoxy-STX; NT= not a saxitoxin compound. 

(a) Gymnodinium microreticulatum NC01-1 

NT 	 NT NT 

6 l'o io dlo 6 	io io io do 6 io io do do 

(b) Gymnodinium catenatum GCDE09 
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Fig. 20. HPLC chromatograms of extracted pigments from Gymnodinium micro reticulatum (solid 
line) and G. catenatum (dotted line). Peaks are: 1, Cytochrome P-458; la, unknown peak (not cyt. P-
458); 2, Chlorophyll CL-FC2; 3, Peridinin; 4, dinoxanthin; 5, diadinoxanthin; 6, diatoxanthin; 7, 
Chlorophyll a; 8, b, b-carotene. 

Retention Time 

DNA SEQUENCE DATA: PCR amplification of the D1-D2 region of the 28S 
rRNA gene (LSU rRNA gene) resulted in a clear single product of approximately 
700 base pairs in all three species. No fragment length variations were resolved by 
agarose gel electrophoresis, however, after DNA sequencing and alignment of the 
entire sequence between the priming regions, length variation was noted between 
each of the three species (Table 1). Seven strains of G. catenatum, 3 strains of G.- 

nolleri, and 3 strains of G. microreticulatum showed no sequence variation within 
the three species over the 698 bp sequenced. In contrast, fixed sequence differences 
were found between G. microreticulatum, G. nolleri, and G. catenatum (Table 1). 
Gymnodinium micro reticulatum was clearly divergent from the other two species 
whereas G. catenatum and G. nolleri were relatively, closely related to each other. 
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Fig. 21. Sequence alignment of 698 base pairs of the Dl-D2 region of the 28S rRNA gene of 
Gymnodinium microreticulatum (G. mic) and the two other microreticulate cyst-forming species G. 
nolleri (G. nol) and G. catenatum (G. cat). Dash (-) represents an alignment gap; Period (.) 
represents sequence identical to that of the alignment reference strain Gymnodinium 
microreticulatum; colon (:) denotes 10 base pair sections. 
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Table 1. Pairwise genetic distances calculated from aligned sequences including nucleotide 
substitutions, insertions and deletions in the D1-D2 region of the 28S rRNA gene (above diagonal: 
base pairs, below diagonal: percentage divergence). 

Species D1-D2 Gymnodinium Gymnodinium Gymnodinium 

length*(bp) microreticulatum nolleri catenatunz 

G. micro reticulatum 692 — 110 118 

G. nolleri 698 15.8 — 20 

G. catenatum 697 16.9 2.9 

* Not including the primer regions 

DISCUSSION 
Comparisons with other gymnodinioid species 
As presently circumscribed, the unarmoured dinoflagellate genera Gymnodinium 

[type species: G. fuscum (Ehrenberg) Stein] and Gyrodinium [type species: G. 

spirale (Bergh) Kofoid et Swezy] are almost certainly a polyphyletic assemblage 
(Saunders et al. 1997). The two genera are distinguished by cingulum 
displacement; less (Gymnodinium) or more (Gyrodinium) than 1/5 of the cell 
length (Kofoid & Swezy 1921), but this feature is now recognised as a variable 
character which is not suitable for generic separation (Kimball & Wood 1965). 
Species in these genera are differentiated by cell shape and contours, size, chain 
formation, the presence and shape of apical groove, cingular position and 
displacement, sulcal position and sulcal/apical groove juncture, shape of ventral 
ridge, the presence of striae, ribs or furrows, presence and colour of chloroplasts, 
and the shape and position of the nucleus (Steidinger & Tangen 1996). 

Because of the delicacy of many gymnodinioid dinoflagellate species, the cells do 
not usually retain their morphology when preserved and thus require observation 
on live cells for identification. As a result, inadequate species descriptions abound 
in the literature (e.g. Schiller 1936, 1937) and a large number of "single record" = 
species exist, whose identification can never be confirmed after the original 
description. 

Gymnodinium microreticulatum possesses a few easily discerned features, such 
as the prominent, apically positioned nucleus, which should have been clearly 
figured if this species had been previously recorded in the literature. 
Comprehensive works of Kofoid & Swezy (1921), Schiller (1936, 1937), and 
Hulburt (1957) figure few photosynthetic gymnodinioid species in the size range 



76 

of G. micro reticulatum with a clearly apically positioned nucleus. Gyrodinium 

metum Hulburt and Gyrodinium glaebum Hulburt (Hulburt 1957) are similar in 
size, and G. glaebum has a nucleus "somewhat anterior of the girdle", however 
both species are described as not having chloroplasts. There are strong 
similarities in cell shape and nucleus position with Gymnodinium aeruginosum 

Stein, however this species is a "blue-green" freshwater dinoflagellate which 
contains kleptochloroplasts derived from a cryptophyte (Schnepf et al. 1989). 
Recent works describing gymnodinioid dinoflagellates from southern Australian 
waters figure several small photosynthetic species (Larsen 1994, 1996):' Of those 
possessing chloroplasts, Gyrodinium impendens Larsen is similar in cell shape and 
size, and possesses a nucleus which is positioned in the epicone. However, the 
distinctive overhanging cingulum, the degree of cell torsion, the sigmoidal rather 
than looped apical groove, and the small globular chloroplasts, clearly distinguish 
this species from G. microreticulatum. Another small gymnodinioid species 
known from southern Australia, Gyrodinium undulans Hulburt is of similar shape 
with a nucleus positioned in the epicone, although slightly larger (35 j.tm x 25 
pm). However, the epiconal part of the sulcus is clearly sigmoidal rather than 
straight as in G. microreticulatum, and the cells are dorso-ventrally flattened. The 
cyst of G. undulans is known to be a clear-walled mucilaginous cyst-type 
(Sonneman & Hill 1997). 

Comparisons with G. catenatum and G. nolleri 
In contrast to the armoured cyst-producing dinoflagellates, cyst morphology has 
not proved to be a helpful character for distinguishing unarmoured species. Some 
gymnodinioids are not known to produce cysts (e.g. Gymnodinium mikimotoi 

Miyake et Kominami ex Oda); and many produce fragile, colourless, mucoid cysts 
types which lack distinct morphological features. As such, the three gymnodinioid 
dinoflagellate species discussed here Gymnodinium catenatum, G. nolleri, and G. 

microreticulatum, are "unique" in their production of a microreticulate, 
fossilizable cyst. 

While the distinctive cyst morphology suggests an affinity between these three 
species, as do other morphological features, clear differences exist. As single 
cells, the general features of the three species are similar (Fig. 22): All three have 
sharply defined and deeply excavated cingular and sulcal features; the cell surface 
is smooth but, by SEM examination, a reticulate network of amphiesmal vesicles 
can be discerned (compare with Blackburn et al. 1989; Ellegaard et al. 1993); and 
all three have similar cingular displacement and a loop-shaped apical groove (Fig. 
22). The undulate nature of the cell surface of G. microreticulatum, particularly 



the hypocone, is somewhat distinctive, however, a similar but less prominent 
undulation of the hypocone can be seen on cultured cells of G. catenatum (e.g. 
Yuki & Yoshimatsu 1987). 

Fig. 22. Diagrammatic comparison of single cells of the three microreticulate cyst-forming 
dinoflagellate species. Gymnodinium microreticulatum Bolch et Hallegraeff sp. nov., 
Gymnodinium nolleri, and Gymnodinium catenatum. Scale bar = 15pm. Flagellar arrangements 
have been omitted for clarity of illustration. 
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The most obvious morphological differences (Table 2) are the chain-forming habit 
of G. catenatum (up to 64 cells per chain) and the accompanying vertical cell 
compression of cells in chains, compared to 2-cell chains or single cells only for 
G. nolleri, and almost exclusively single cells for G. microreticulatum. The sulcus 
and apical groove are similar in all three species when examined on single cells; 
formed by an extension of a narrow "sulcal line" into an anti-clockwise, 
horseshoe-shaped loop around the apex. 

The apical groove of G. catenatum was described as being separate from the 
sulcus by Fraga et al. (1995). However, when G. catenatum cells form chains (and 
also with some single cells), the sulcus extends through to the apex, being 
significantly deeper on the epicone and accentuated by the ventral invagination 
forming the sulcus, obscuring the connection of the apical groove with the narrow 
"sulcal line" extending from the mid-sulcal region (Bolch & Hallegraeff, 
unpublished data). 
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Table 2. Comparative morphological features of the three microreticulate cyst-forming species. 

Features 	Gymnodinium 	Gymnodinium nolleri Gymnodinium 
microreticulatum 	Ellegaard et Moestrup catenatum 
Bolch et Hallegraeff 
	

Graham 

vegetative cell 	20-34 mm long 
15-22 mm wide 

non chain-forming 
Cell pairs rare 

large spherical nucleus 
in epicone 

horse-shoe shaped apical 
groove extends from 
sulcus 

cyst stage 	17-28 mm diameter 

pale purple brown 
cyst wall 

paracingulum > 0.25 of 
cyst diameter 

chasmic archeopyle 
usually along para-sulcus 

Ecology/toxicity non-bloom former. 

cyst derived cultures are 
non-toxic 

30-43 mm long 
23-30 mm wide 

non-chain forming 
Cell pairs common 

large spherical central 
nucleus 

horse-shoe shaped 
apical groove extends 
from sulcus 

28-38 pm diameter 

red brown cyst wall 

paracingulum > 0.25 of 
cyst diameter 

chasmic archeopyle 
usually along para-
cin gulum 

non-bloom former. 

cyst derived cultures 
are non-toxic 

38-53 mm long 
33-45 mm wide- 

chain-forming 
(up to and >" 64 cells) 

large spherical 
central nucleus 

horse-shoe shaped 
apical groove extends 
from sulcus 

36-62 p.m diameter 

red brown cyst wall 

paracingulum < 0.25 
of cyst diameter 

chasmic archeopyle 
usually along para-
cingulum 

bloom-forming 
species 

paralytic shellfish 
toxins produced (non 
toxic strains known) 

Cell sizes of the three species, which are usually more variable in culture than 
nature, are quite distinct; G. microreticulatum 15-22pm wide, 20-34ptm long, G. 
nolleri 23-30pm wide, 30-43Rm long (Ellegaard et al. 1993; Ellegaard & 
Moestrup 1999) and G. catenatum 33-45 p.m wide, 38-531,tm long (Blackburn et 
al. 1989; Ellegaard & Moestrup 1999). However, the largest individual cells of G. 
microreticulatum may overlap with the smallest of G. nolleri; similarly, the 
largest cells of G. nolleri may overlap in size with those of the smallest G. 
catenatum. All three species display similar gross cytological details evident from 
light microscopy. They possess similar chloroplast shape and arrangement within 
the cell, and have similar pigment composition. Diatoxanthin was detected in G. 
catenatum and not in G. microreticulatum, however dinoxanthin and diatoxanthin 
are linked in a light-dark cycle of production, and the time of harvesting in the 
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light cycle can affect the relative amounts of these pigments (Hager 1980). All 
three have a roughly spherical nucleus, centrally placed in G. catenatum and G. 
nolleri, but apically positioned in G. microreticulatum. 

A similar gradient of sizes exists between the cysts, which in previous work may 
have been obscured by inaccurate reporting of cyst size ranges, or failure to 
differentiate co-existing cyst populations of the three species. Cysts of G. - 
catenatum usually range from 43 to 62 pm in diameter (Bolch & Hallegraeff 
1990; Matsuoka & Fukuyo 1994), however some cyst populations shoW' diameters 
as small as 361.tm (Bolch et al. 1998b). In Baltic Sea sediments, Gymnodinium 
nolleri cysts range from 28 to 38pm (Ellegaard et al. 1993, Ellegaard & Moestrup 
1999), but again some cyst populations, such as those from the Bay of Naples, 
Italy, exhibit smaller size distributions with individual cysts as small as 25 pm 
(Montresor et al. 1998; Montresor & Bolch, unpublished data). Cysts of G. 
micro reticulatum range up to 28gm, overlapping with smaller individuals of G. 
nolleri. The distinct colour difference between G. catenatum and G. nolleri (red-
brown), and G. microreticulatum (pale brown to pale purple-brown) may be used 
to distinguish these two smaller species, although it is unknown whether this 
colour difference persists after palynological processing. 

There are also differences in the pattern of reticulations (paravesicles) which 
adorn the cyst surface. In G. catenatum the vesicles range from around 1.0 to 
3.01.tm across (Anderson et al. 1988), but are generally slightly smaller on G. 
nolleri (0.8 - 2.0 pm; Ellegaard & Moestrup 1999) and G. microreticulatum. 
Conversely, in both G. micro reticulatum and G. nolleri, the vesicles cover a 
decreased surface area compared to G. catenatum, appearing relatively larger 
compared to the cyst diameter. The total number of vesicles is also less on both G. 
nolleri and G. microreticulatum. These pattern differences are difficult to 
quantify, however the overall impression is that in G. microreticulatum the ouline 
of the cingulum is wider, 1/3 to 1/4 (generally > 0.25) of the cyst diameter in G. 
nolleri and G. microreticulatum, compared with around 1/4 to 1/5 (generally < 
0.25) in G. catenatum. There also appear to be fewer rows of paravesicles within 
the cingulum, roughly 3-4 rows, compared with 4-5 in G. catenatum. 

In natural sediments, G. microreticulatum cyst walls are often found as fragments 
on which the orientation of the wall markings are difficult to distinguish. Intact 
cyst phragma with contents often have an irregular, fractured breach along the 
cingulum (see Fig. 9). It is not clear whether this breach represents an artefact due 
to cell death or sediment processing, or the true archeopyle. Laboratory 
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germination experiments suggest the former as all three wild cysts germinated 
from Newcastle showed a chasmic archeopyle which was oriented along the sulcal 
line of the cysts. Furthermore, cysts produced in culture, and subsequently 
germinated in the laboratory, display a sulcal oriented archeopyle. This contrasts 
to the generally cingular oriented archeopyle of G. catenatum (Anderson et al. 

1988) and G. nolleri (Ellegaard & Moestrup 1999). There is undoubtedly some 
variability in orientation of the archeopyle, as in G. nolleri and G. catenatwn. 

When cyst contents are present they are usually contracted, unevenly distributed 
lipid globules. These specimens have always failed to germinate and appear non-
viable. Viable cyst specimens, such as those recovered and germinated from 
Newcastle Harbour, contain uniformly distributed globular contents, a distinct 
dinoflagellate nucleus, and granular cytoplasm exhibiting obvious "Brownian-
like" motion. A pale yellow-orange accumulation body is present, unlike the dark-
red accumulation body of both G. catenatum and G. nolleri. 

Ecology, habitat and lifecycle 
The vegetative cells of G. micro reticulatum have not yet been conclusively 
identified from the water column and it is difficult to assess the conditions under 
which this species is found in nature. The cysts often co-occur with G. catenatum 

and it is presumably a coastal species with similarly broad environmental 
tolerances. As with G. catenatum, G. microreticulatum is also recorded from areas 
ranging from cool-temperate (southern Tasmania) to areas which would be 
considered sub-tropical to tropical (northern Australia, Hong Kong). Cultures of 
this species grow vigorously at temperatures ranging from 17°C to 25°C in GSe 

medium with salinities ranging from 26 to 35 g L -1  (Bolch, unpublished data), 
although growth rates and survival outside this range have not been assessed. 

Preliminary investigations of life-cycle parameters indicate that clonal cultures of 
G. microreticulatum are capable of producing resting cysts with characteristic 
reticulate morphology, which suggests that G. microreticulatum may have a 
homothallic mating system. If confirmed, it contrasts with the complex 
heterothallic mating system of G. catenatum (Blackburn et al. 1999). Culture-
produced cysts begin to germinate after a period of around 4 weeks (Bolch, 
unpublished data) compared to the approximately 2 week minimum dormancy 
period of G. catenatum cysts, although this feature can show strain/cross-specific 
variations in G. catenatum (Blackburn et al. 1999). 
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Molecular genetic comparisons 
Molecular studies of the 28S rRNA gene sequences (Fig. 21, Table 1) provide 
evidence for the distinctness of G. micro reticulatum compared with G. catenatum 

and G. nolleri. The differing D1-D2 fragment length and the considerable 
nucleotide divergence of G. microreticulatum from G. catenatum and G. nolleri 
(>15%) mirror the increased level of morphological divergence noted in this 
study. Despite this divergence, G. micro reticulatum is the next most closely 
related species to G. catenatum and G. nolleri. For example, the other closest 
species examined so far, Gyrodinium impudicum, shows more than 20% 
divergence in the D1-D2 region (Bolch, unpublished data). 

Other studies of 257 bp of the 28S rRNA D3 region showed levels of divergence 
of 1.2% between G. nolleri and G. catenaturn, and 7% between G. catenatum and 
G. impudicum, and G. nolleri and G. impudicum (Ellegaard & Oshima 1998). The 
nucleotide divergence in the D1-D2 region between G. catenatum and G. nolleri, 

and G. impudicum, is consistently around 2.5 times more than that for the D3 
region, indicating that the Dl-D2 fragment is potentially more suitable for 
assessing relationships between closely related dinoflagellates, and perhaps less 
suited to more distant species due to potential substitution saturation and sequence 
alignment difficulties. 

CONCLUSIONS 
The degree of cingular displacement of G. microreticulatum would place the new 
species within the genus Gyrodinium Kofoid et Swezy. However, it does not bear 
any close morphological relationship to the types species Gyrodinium 

spirale(Bergh) Kofoid et Swezy, which is a large heterotrophic species with a 
striated cell surface. The morphological and genetic affinities of this new species 
clearly belong with G. catenatum, which itself falls within a genetic and 
morphological group of loop-shaped apical groove gymnodinioids (Saunders et al. 

1997). This group also includes the type species, Gymnodinium fuscum 
(Ehrenberg) Stein and, for these reasons, we refer this new species to the genus 
Gymnodinium Stein. 

Until the present work, and that of Ellegaard and Moestrup (1999), fossil and 
Recent microreticulate resting cysts have been referred to a single species, G. 

catenatum. Using a combination of conventional morphological and more 
sophisticated molecular characters, we demonstrate here the existence of three 
different taxa whose cysts have sometimes been misidentified or mistakenly 



82 

combined in field surveys. Such confusion could have serious implications for 
aquaculture, as current evidence shows that both G. nolleri and G. 
microreticulatum are non-toxic, while G. catenatum usually produces paralytic 
shellfish toxins. Additionally, the global biogeography of the toxic dinoflagellate 
Gymnodinium catenatum (Hallegraeff & Fraga 1998), hypotheses of regional 
spreading (Nehring 1995), and prehistoric blooms and responses to climate 
change (Dale et al. 1993, Thorsen et al. 1995) will need to be re-evaluated.-To 
assist in this effort, the development of species- and group-specific DNA probes is 
planned to aid the identification of motile plankton cells of G. microreti-culatum 

and G. nolleri, and co-occurring cyst populations of G. catenatum and G. nolleri 
in marine sediments. 
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ABSTRACT 
The genetic relationships between 44 strains of 27 species of gymnodinoid, 
prorocentroid and peridinoid dinoflagellates were compared using partial sequences of 
the large sub-unit ribosomal RNA gene. The phylogenies constructed confirmed earlier 
findings from small sub-unit (SSU) RNA sequences which clearly resolved the 
suessialian group of gymnodinoids from an unresolved cluster of gymnodinoid, 
peridinoid and prorocentroid species ("GPP complex" sensu Saunders et al: 1997). 
These analyses could not resolve the GPP genera as monophyletic lineages, but there 
was little evidence supporting polyphyly in the prorocentroid and gymnodinoid groups. 
The phylogeny of 21 free-living gymnodinoid species was investigated in light of their 
morphological and cytological features with emphasis, on the possible origin and 
evolution of the gymnodinoid PSP-producing species G. catenatum. The gymnodinoids 
contained two distinct groups; 1) the straight apical grooved species (represented by G. 

galatheanum, Gymnodinium sp CCMP426, and Gyrodinium sp. 2 (cf. mikimotoi), and 
2) the loop-shaped apical groove species, which include Gymnodinium spp., 
Gyrodinium spp., Polykrikos spp. and Cochlodinium polykrikoides. The loop-grooved 
species formed four clusters which correlated with morphological and cytological 
features, such as chloroplast structure and arrangement, and resting cyst morphology. 
The microreticulate cyst producing species, including G. catenatum, formed a distinct 
group which was most closely related to a cluster containing species with peripheral, 
rod-like chloroplasts, including Gyrodinium impudicum. Within the G. catenatum 
complex, Gymnodinium microreticulatum diverged earliest in phylogenies, followed by 
G. nolleri and finally G. catenatum. Comparison of nuclear volumes of the three species 
suggests that the group may have evolved by polyploidy from a G. micro reticulatum-
like ancestor and that G. catenatum may have evolved recently by polyploidy from a G. 
nolleri -like ancestor. The more recent evolution and dispersal of G. catenatum is 
supported by abundant LSU-rDNA sequence variation among G. micro reticulatum 

isolates which contrasts the absence of sequence variation in G. catenatum from 
Australia, Hong Kong, Japan, Spain and Uruguay. This evolutionary scenario, 
combined with known distributions of the three species, suggests a European origin of 
G. catenatum followed by dispersal, either natural or human mediated, to other global 
regions. 

INTRODUCTION 
The chain-forming, toxic dinoflagellate Gymnodinium catenatum is unique as the only 
PSP-producing species among the gymnodinoids. This fact, combined with its chain-
forming habit, prompted early speculation that G. catenatum was an athecate mutant of 
the well known chain-forming PSP producer Alexandrium catenella (Morey-Gaines 
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1982). This hypothesis fell out of favour as the major cytological features of 
Alexandrium, such as the shape of the nucleus and the shape and arrangment of the 
chloroplasts, appeared to be significantly different from G. catenatum. The discovery 
of a unique microreticulate resting cyst for G. catenatum (Anderson et al. 1988), 
different from the clear mucoid cyst type of Alexandrium, further sealed the fate of this 
attractive but erroneous idea. Detailed comparative ultrastructural studies examining the 
pusule, pyrenoids and flagellar root system (Rees & Hallagraeff 1991) and more recent 
molecular studies (Zardoya et al. 1995) indicate that G. catenatum is allied with the 
gymnodinoid dinoflagellate lineages although its precise relationship to other naked 
species remains unclear. 

Sequencing studies of the small subunit RNA genes (SSU-rDNA) have shown that the 
gymnodinoids (excluding some Amphidinium spp. and Noctiluca which were derived 
from the base of the dinoflagellate phylogenies) are placed at the crown of the 
dinoflagellate phylogeny in a poorly resolved cluster of gymnodinoid, prorocentroid 
and peridinoid taxa (GPP complex sensu Saunders et al. 1997). Among the 
gymnodinoids, several groups can be recognised by the structure of the amphiesma 
(outer wall) and characteristic surface features of cells. Of particular diagnostic value is 
the shape of the apical groove or acrobase which varies in its connection with the 
sulcus and its basic shape; straight, sigmoidal, or forming an anti-clockwise loop 
around the apex as in G. catenatum (Takayama 1985). The SSU-rDNA studies placed 
G. catenatum among several other gymnodinoid dinoflagellates with a similar loop-
shaped apical goove, including the type species of the genus Gymnodinium Stein, 
Gymnodinium fuscum Ehrenberg (Saunders et al. 1997). Despite these morphological 
and phylogenetic affinities, G. catenatum possesses some features which are unique or 
unusual. Firstly, the microreticulate cysts that reflect the amphiesrnal vesicles of the 
motile cell; and secondly, the multi-lobed, peripherally placed and longitudinally 
oriented chloroplasts with stalked pyrenoids. These features suggest that it may be 
quite distinct from many other loop-grooved species with clear mucoid resting cysts, 
which typically possess globular or rod shaped chloroplasts, either peripherally or 
radially distributed. 

Reported variations in cyst size and cell morphology in Baltic G. catenatum 
(Ellegaard et al. 1993) and the co-occurrence of distinctly different sizes of 
microreticulate cysts (Bolch & Hallegraeff 1990) raised the possibility that G. 
catenatum is a complex of two or more species. Recent studies have distinguished 
three distinct species in the G. catenatum complex, both of which form smaller 
microreticulate cysts; the closely related G. nolleri (Ellegaard & Oshima 1998, 
Ellegaard & Moestrup 1999) and the more distantly related G. microreticulatum 
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(Bolch et al. 1999b). The past failure to differentiate these two species from G. 
catenatum has contributed to the perceived rapid spread of G. catenaturn on a global 
scale during the 1990's, leading to the false impression that it is a cosmopolitan, 
warm-temperate species. Now that the occurrence of three distinct species in the 
complex has been resolved, reassessment of the global distribution of toxic G. 
catenatum shows that it has a similar distribution to that known in the mid-1980's, 
with the exception of reports from the Indo-West Pacific and Western India-(see 
Chapter 4). 

The sudden appearance of G. catenatum in southern Tasmania during the 1980's and 
the various dispersal hypotheses which may account for its appearance (ballast 
water, shellfish transfers etc.) have been fully discussed previously (Hallegraeff & 
Bolch 1992, Hallegraeff 1993, McMinn et al. 1997, Hallegraeff & Fraga 1998), 
however the probable source population remains unidentified. Molecular studies may 
provide markers which discriminate global populations of G. catenatum, and 
hopefully infer the sequence of global dispersal. The Dl-D2/D3 regions of the LSU-
rDNA encompass conserved and highly variable regions, providing variation at 
levels suitable for inter-generic, inter-specific and even intra-specific relationships 
(Jorgensen & Cluster 1988). Among the dinoflagellates, the comparison of these 
sequences has been successful in discriminating geographic groups and inferring 
dispersal routes of the Alexandrium tamarense complex (e.g. Scholin et al. 1994, 
1995; Adachi et al. 1994, 1996). Consequently this region appears suited to 
examining the phylogeny and relationships between the gymnodinoid species and 
within the microreticulate cyst group, and may potentially provide variation with 
which to examine relationships among global populations of G. catenatum. 

This chapter examines the phylogeny of the microreticulate cyst species in the context 
of other similar loop-grooved gymnodinoids and proposes an evolutionary scenario for 
this distinctive group of dinoflagellates. Intra-specific LSU-rDNA variation is 
examined in G. catenatum from five global populations (Australia, Hong Kong, Japan, 
Spain and Uruguay) and compared to that found among G. micro reticulatum isolates 
from three Australian and one Uruguayan populations. 



Table 1. Sources of LS1.1-rDNA sequences included in phylogenetic analyses in this study. 

Species 
	

Strain 	Source 
	

Source /Genbank 	Location 
	

Collection 
Accession 
	

Date 
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GCCCI6 
GCCC21 
GCDE04 
GCHK53 
GOPIO 
GCUR43 
CS-310 
clone 368 
GMNC01 
GMPHO1 
GMUR02 
GMPLO1 
GNKB03 
- 
CCMP 420 
CCMP 421 
CCMP 426 
Gy 1 PA 
Gy3SH 
C5-3 . 
GgIV 
- 
CS-289 
GU-DE 
GU-SW 
- 
Gy2DE 
Gy5TRA 

FLIB 

Cochlodinium cf. polykrikoidis Margalef 
Gymnodinium beii Spero 
Gymnodinium catenation Graham 
Gymnodinium catenatum 
Gymnodinium catenatum 
Gymnodinium catenatum 
Gymnodinium catenatum 
Gymnodinium catenatum 
Gymnodinium galatheanum Braarud 
Gymnodinium linuchae Trench et Thinh 
Gymnodinium microreticulatum Botch et Hallegraeff 
Gymnodinium microreticulatum 
Gymnodinium microreticulatztm 
Gymnodinium tnicroreticulatum 
Gymnodinium nolleri Ellegaard et Moestrup 
Gymnodinittm sanguineum 
Gymnodinium simplex Lohmann 
Gymnodinium varians Maskall 
Gyrnflodinium sp. 
Gymnodinium sp. 1 
Gymnodinium sp. 1 
Gyrodinium impudicom Fraga et Bravo 
Gyrodinium impudicum 
Gyrodinium sp. 
Gyrodinium uncatenum Hulburt 
Gyrodinium uncatenum 
Gyrodinium uncatenum 
Gyrodiniunz sp. 1 (cf. Wall & Dale 1968) 
Gyrodiniton sp. 2 
Gyrodinium sp. 3 
Gyrodinium sp. 3 
Polarella glacialis Montresor,Procaccini et Stoecker 
Polykrikos kofoidii Chatton 
Polykrikos schwartzii Btitschli 
Polykrikos schwartzii 
Prorocentrum balticum 
Prorocentrum lima Ehrenberg (Dodge) 
Prorocentrum micans Ehrenberg 
Prorocentrum micans 
Prorocentrum minimum (Pavillard) Schiller 
Prorocentrum minimum 
Prorocentntm triestintun Schiller 
Prorocetanun triestinum 
Scrippsiella trochoidea (Stein) Loeblich III 

Lee etal. (unpublished) 
Wilcox (1998) 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
Wilcox (1998) 
this study 
this study 
this study 
this study 
this study 
Lee et aL (unpublished) 
Wilcox (1998) 
Wilcox (1998) 
Wilcox (1998) 
this study 
this study 
this study 
Zardoya et at (1995) 
Lee et aL (unpublished) 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
Lee etal. (unpublished) 
Zardoya etal. (1995) 
Lenaers al. (1989) 
Lee et al. (unpublished) 
Lee et al. (unpublished) 
Zardoya al. (1995) 
Lee etal. (unpublished) 
Zardoya etal. (1995) 
Lee et aL (unpublished) 

AF067861 
AF060900 
culture 
culture 
culture 
culture 
culture 
culture 
culture 
A17060893 
culture 
cyst 
culture 
cyst 
culture 
AF042817 
AF060901 
AF060899 
AF060888 
culture 
culture 
culture 
L38640 
AF067862 
culture 
culture 
culture 
germinated cyst 
culture 
germinated cyst 
cyst 
culture 
cyst 
cyst 
cyst 
AF042816 
L38634 
XI 6108 
AF042814 
AF042813 
L38636 
AF042815 
L38638 
AF042819 

Hawkesbury River, NSW, Australia 
	

Jun 1996 
Hawkesbury Estuary, NSW, Australia 

	
Jun 1996 

Derwent Estuary, Tasmania, Australia 
	

Jan 1987 
Deepwater Bay, Hong Kong 	 Jun 1998 
Senzalci Bay, Japan 
	

1986 
Mar del Plata, Uruguay 
	

Mar 1998 
Lake Illawarra, NSW, Australia 

	
1991 

Newcastle Harbour, NSW, Australia 
	

Aug 1997 
Port Hedland, Western Australia, Australia 

	
Oct 1998 

Mar del Plata, Uruguay 
	

Mar 1998 
Port Lincoln, South Australia 

	
May 1997 

Kiel Bight, Baltic Sea, Germany 
	

Aug 1997 

Long Bay, Tasmania, Australia 
	

Jul 1996 
Georges Bay, Tasmania, Australia 	 Oct 1998 
Hawkesbury Estuary, NSW, Australia 	 Jun 1996 

Bathurst Harbour, Tasmania, Australia 
	

1988 
Derwent Estuary, Tasmania, Australia 	 Mar 1997 
Swan Estuary, Western Australia, Australia 	 Jun 1997 
Deepwater Bay, Hong Kong. 	 Jun 1998 
Derwent Estuary, Tasmania, Australia 
Spring Bay, Tasmania, Australia 

	
Oct 1998 

Deepwater Bay, Hong Kong. 	 Jun 1998 
Sea Ice, Australian Antarctic Territory. 
Deepwater Bay, Hong Kong. 	 Jun 1998 
Spring Bay, Tasmania, Australia 

	
Oct 1998 

Deepwater Bay, Hong Kong. 	 Jun 1998 
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MATERIAL AND METHODS 
Laboratory culture and morphological measurement 
Procedures for sediment or plankton sample collection, preparation, isolation and 
laboratory culture of the dinoflagellates used in this study were carried out as 
previously described (Bolch et al. 1999a, 1999b; see Chapters 2, 3, 5, 7, 8). Cultures 
and cysts were identified to species level where possible (Table 1). Examination of the 
morphological features of the species examined were carried out using light and
scanning electron microscopy (where appropriate); features of species for which 
cultures were unavailable (i.e. database sequences) were taken from the literature 
(Table 2). Some general features of the gymnodinoids, and those of the undescribed 
species examined here, are shown in Figure 1. Measurements of nuclear dimensions of 
each species of the Gymnodinium catenatum complex (G. catenatum GCJP10, G. 
nolleri GNI(1303 and G. microreticulatum GMNCO2) were carried out by light 
microscopy using differential interference contrast illumination on a Zeiss Axioplan 
microscope. Specimens were measured at x1600 magnification to the nearest 0.6gm 
(equal to 1 eyepiece-micrometer division). 

PCR and DNA sequencing. 
The source of LSU-rDNA sequences used in this study is summarised in Table 1. 
Extraction and PCR amplification from cultures were carried out using primer pairs 
D1R and D2C (Scholin et al. 1994), or D1R and D3B-R (Chapter 2), as described 
previously (Bolch et al. 1999b). Modifications for PCR-amplification from cysts 
and/or vegetative cells are described in Chapter 3. Completed PCR reactions were 
checked for successful amplification and non-specific PCR products by 
electrophoresis; weak amplification products were re-amplified using the "band-stab" 
technique (Chapter 2). PCR buffer, and unincorporated primers and dNTPs, were 
removed from the remaining product by ultrafiltration using regenerated cellulose fibre 

centrifuge columns (30,000 NMWL UltraFree-® MC, Millipore, Bedford, MA, 
USA), resuspended in double distilled water, and frozen until sequencing could be 
carried out. 

Both strands of PCR product were sequenced in separate reactions using either the 
forward or reverse amplification primers. Cycle-sequencing was carried out with ABI 

PRISM® "Big-Dye" terminator chemistry (PE Applied Biosystems, USA) using 
standard protocols and sequence reactions electrophoresed on an ABI-377 sequencer. 
Sequence data were checked by manual inspection, the forward and reverse sequences 
aligned to resolve ambiguous base-calls, and a consensus sequence established for 
each strain. 



Figure 1. Gymnodinoid dinoflagellate features and species of uncertain identity (bar = 20 pm). 

Fig. la. SEM. Gyrodinium uncatenum cell, showing the loop-shaped apical groove (g). 
Fig. lb. SEM. Gymnodinium sp. 1 (strain Gyl PA) cell with loop-shaped apical groove (g). 
Fig. lc. SEM. Gyrodinium sp. 2 (cf. mikimotoi strain Gy2DE) cell displaying a straight apical groove (g) 

not connected with the sulcus. 
Figs ld-g. LM. Gyrodinium sp. 3 (strain Gy5TRA). 
Fig. id, e. LM. Ventral view of two-cell pairs showing the cell shape and sulcal overlap. 
Fig. if. LM. Clear-walled resting cyst of Gyrodinium sp. 3, with clear globular contents, non-tabular 

network of spines and two bright red accumulation bodies. 
Fig. lg. LM. Side view of the same resting cyst showng the flattened concave morphology. 
Figs lh-i. Polykrikos schwartzii 
Fig. lh. SEM. Ventral view of P. schwartzii showing the 4 zooids with reticulate pattern of amphiesmal 

vesicles. 
Fig. li. SEM. Apex of P. schwartzii with loop-shaped apical groove (g) connnecting with the sulcus. 
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Table 2. Morphological and cytological features, resting cysts and pigments of the loop and straight apical groove gymnodinoid dinoflagellates examined. 

Species 
	

Acrobase 	Acrobase 	Cell 
	

Dorso- 	Chains 
	

Cyst form 
	

Archeopyle 	Chloroplast 
	

Major Pigments References 
connects 	torsion 	ventral 

	
type 

to sulcus 	(turns) 
	

compress. 

Cochlodinium polykrikoides 

Gymnodinium catenatum 

Gymnoctinium galatheanum 

Gymnodinium nolleri 

Gymnodinium microreticulatum 

Gymnodinium sanguine= 

Gymnodinium sp. 1 

Gyrodinium impudicum 

Gyrodinhan uncatenum 

Gyrodinium sp. 1 
(cf. Wall & Dale 1968) 

Gyrodinihm sp. 2 (Gy2DE) 

Gyrodinium sp. 3 (Gy5TRA) 

Polykrikos kofoidii 

Polykrikos schwartzii 

• 
Anticlockwise 
loop 
Anticlockwise 
loop 
Straight, 
apical 

Anticlockwise 
loop 
Anticlockwise 
loop 
Anticlockwise 
loop 
Anticlockwise 
loop 

Anticlockwise 
loop 
Anticlockwise 
loop 
Anticlockwise 
loop 

Straight, 
transapical 

Anticlockwise 
loop 

Anticlockwise 
loop 
Anticlockwise 
loop 

1.9 	 Yes (up to 8 cells) 

Yes (up to 64 cells) 

No 

Yes (2 cell pairs) 

No 

No 

No 

Yes (up to 16 cells) 

	

0.1 	 No 

	

0.5 	 Yes (2 cell pairs) 

No 

	

0.1 	 Yes (always 2 cell pairs) 

Yes (4 fused zooids with 
2 nuclei) 
Yes (4 fused zooids with 
2 nuclei) 

Ovoid brown, irregular 
non-tabular projections 
Microreticulate 

not known 

Microreticulate 

Microreticulate 

not known 

Clear mucoid 

Clear mucoid 

Clear mucoid 

Ovoid brown, iregular 
on-tabular projections 

Not known 

Compressed ovoid, 
clear, non-tabular 
network of spines 
Ovoid, brown, distinct 
flared projections 
Ovoid brown, 
interconnected network 
of flared projections 

chasmic? 

chasmic 

chasmic 

chasmic 

chasmic 

chasmic 

not known 

chasmic 

chasmic 

tremic 

tremic 

Numerous, peripheral rod-
shaped 
Numerous, peripheral, 
Multi- lobed 
Few, globular 

Numerous, peripheral, 
Multi-lobed 
Numerous, peripheral, 
Multi-lobed 
Numerous, radial, rod-
shaped, 
Numerous, peripheral 
globular to rod-shaped 

Numerous, peripheral 
globular to rod-shaped 
Numerous, radial rod-
shaped. 
Numerous, peripheral 
globular to rod-shaped 

Few globular 

Numerous, peripheral 
globular to rod-shaped 

Absent 

Absent 

not known 

Chl a, C2, peridinin 

Chi a, C2/C3 
fucoxanthin and 
derivatives 
not known 

Chl a, C2, peridinin 

Chl a, C2, peridinin 

Chl a, C2, peridinin 

Chl a, C2, peridinin 

Chl a, C2, peridinin 

not known 

Chl a, C21C3 
fucoxanthin and 
derivatives 
not known 

Yulci & Yoshimatsu (1989), 
Matsuoka (pers. comm.) 
Rees & Hallegraeff (1991), 
Anderson eral. (1988) 
this study 
Millie etal. (1997) 

Ellegaard & Moestrup (1999) 
Ellegaard & Oshima (1998) 
this study 
Botch etal. (1999b) 
Hulburt (1957) 
Jeffrey etal. (unpubl. data) 
this study, 
Bolch & Hallegraeff (1990) 
Jeffrey etal. (unpubl. data) 
this study, 
Fraga et al. (1995) 
this study. 
Coats etal. (1984) 
this study 
Wall & Dale (1968) 

this study 

this study 

this study 
Matsuoka etal. (1985) 
this study 
Matsuoka etal. 1985) 
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Sequence alignment and phylogenetic analysis 
Consensus sequences obtained and additional database sequences were aligned using 
ClustaLX (Version 1.63b, Thompson et al. 1997) and adjusted by visual inspection. A 
highly variable region included large deletions and insertions in many of the 
gymnodinoid sequences and could not be unambiguously aligned across all taxa. 
Alignments across all taxa examined included only the conserved regions. To examine 
relationships within the loop-grooved gymnodinoids, a second alignment which 
included the variable region was carried out with the prorocentroids, sue58ialians, and 
S. trochoidea removed. Initial analyses from the conserved sequences suggested that 
the straight grooved species were basal to the loop-grooved gymnodinoids, therefore 
G. galatheanum CS-310 and Gyrodinium sp Gy2DE were designated as outgroups in 
these analyses. Both alignments are shown in Appendix 1. 

Phylogenetic analyses using both distance and parsimony approaches were carried out 
using PAUP 4.0* (Version 4.0b2a, Swofford 1999). Analyses were carried out with 
all characters included and all nucleotide substitutions equally weighted. To account for 
possible unequal substitution rates, analyses were repeated with transitions treated as 
twice as likely at transversions and resulting trees examined for branching order 
changes. Inserts and deletions were treated as a fifth base (i.e. independent multiple 
events). Trees were constructed using both maximum parsimony approaches and 
phenetic distance analyses. For maximum parsimony analyses, all nucleotide positions 
were considered as unordered, equally weighted characters. The most parsimonious 
trees were found using the branch and bound search algorithm with search parameters 
as follows: stepwise addition, branches with length zero collapsed to yield polytomies 
and accelerated transition of unordered characters. Distance analyses used the Kimura 
two-parameter distance (Kimura 1980); phylogenetic trees were constructed using the 
neighbour-joining algorithm (Saitou & Nei 1987). Support for tree branch points were 
estimated using the bootstrap approach, using 500 replicates of the heuristic search 
algorithm (Felsenstein 1985). 
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Table 3. Genetic distances between gymnodinoid taxa examined in the full Dl-D2 alignment (Appendix 2b). Above diagonal: total nucleotide sustitutions including inserts and deletions. Below diagonal: Kimura two-parameter distance. Taxa with identical 
sequences have been reduced to one representative. 

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

I Gymnodinium catenation - 19j 106 107 112 105 123 193 119 129 124 119 117 116 152 157 152 170 173 189 158 125 

2 Gymnodinium nolleri GNKB03 0.027'.  105 106 III  104 119 189 113 133 127 121 116 115 147 159 152 171 174 194 160 122 

3 G. microreticalatum GMNC01 0.166 0.164 I 19 6 123 180 115 142 136 132 110 109 136 141 135 170 171 197 157 127 

4 G. microrericularum GMPLO I 0.168 0.166 0.001 20 7 124 181 114 143 137 133 109 108 135 140 134 171 172 198 158 128 

5 G. microreticulatum GMUR02 0.186 0.184 0.028 0.030 - 16 129 182 117 148 142 138 116 116 143 150 144 177 178 201 164 131 

6 G. mieroreaculatum GMPHOI 0.173 0.171 0.009 0.010 0.024 - 121 178 114 140 134 130 110 110 134 143 137 169 170 197 157 124 

7 Gymnodinium sp. 1 Gy I PA 0.195 0.187 0.196 0.198 0.218 0.202 191 93 123 119 Ill  98 97 154 157 149 174 175 203 143 120 

8 Cochlo. polykrikoides 0.347 0.336 0.317 0.319 0.338 0.330 0.331 157 199 195 194 190 191 196 194 192 213 214 237 179 148 

9 Gyrodinium sp. 1 (Wall & Dale 1968) 0.212 0.198 0.202 0.200 0.206 0.200 0.157 0.297 102 99 99 93 93 131 132 125 140 141 170 160 125 

10 Gyrodinium cf. impudicum (Lee) 0.207 0.214 0.233 0.235 0.258 0.241 0.189 0.351 0.174 - 21 22 113 112 177 171 167 171 172 200 158 129 

11 Gyrodinium impudicum (Ggl V) 0.215 0.220 0.240 0.242 0.254 0.237 0.196 0.373 0.172 0.031 - 11 109 108 169 164 160 165 165 199 155 127 

12 Gyrodinium impudicutn C5-3 0.197 0.201 0.223 0.225 0.240 0.223 0.175 0.354 0.168 0.031 0.016 - 104 103 167 160 156 164 164 201 153 125 

13 Gyrodinium sp. 3 Gy5HK 0.205 0.202 0.190 0.188 0.203 0.191 0.164 0.367 0.163 0.191 0.189 0.175 - 1 146 146 142 144 145 174 150 135 

14 Gyrodinium sp. 3 Gy5TRA 0.193 0.191 0.179 0.177 0.203 0.191 0.155 0.350 0.163 0.180 0.187 0.170 0.002 - 145 145 142 145 146 175 149 134 

15 Gyrodinium sp. 2 Gy2DE 0.252 0.241 0.221 0.219 0.245 0.229 0.247 0.346 0.236 0.292 0.299 0.284 0.260 0.245 123 116 202 202 221 138 120 

16 Gymnodinium galatheanum 0.261 0.265 0.229 0.227 0.259 0.246 0.252 0.339 0.236 0.279 0.287 0.269 0.259 0.244 0.185 _ 9 199 199 219 152 125 

17 Gymnodinium sp. CCMP 426 0.279 0.278 0.241 0.239 0.259 0.245 0.262 0.374 0.232 0.301 0.295 0.280 0.265 0.265 0.190 0.013 - 199 199 221 146 120 

18 Polykrikos schwartzii (Tasmania) 0.289 0.290 0.290 0.293 0.323 0.305 0.289 0.387 0.252 0.282 0.292 0.278 0.255 0.244 0.341 0.333 0.371 4 114 176 133 

19 Polykrikos schwartzii (Hong Kong) 0.311 0.313 0.308 0.310 0.326 0.307 0.306 0.412 0.254 0.299 0.293 0.283 0.257 0.259 0.360 0.351 0.371 0.006 - 115 177 134 

20 Polykrikos kofoidii (Tasmania) 0.349 0.360 0.370 0.372 0.382 0.372 0.369 0.476 0.321 0.362 0.372 0.366 0.323 0.325 0.404 0.397 0.427 0.178 0.180 - 190 149 

21 Gyrodinium uneaten= CS-289 0.293 0.298 0.292 0.295 0.328 0.311 0.260 0.347 0.321 0.296 0.315 0.296 0.293 0.274 0.252 0.282 0.304 0.338 0.361 0.398 136 

22 Gymnodinium sanguineum 0.236 0.228 0.240 0.243 0.265 0.248 0.223 0.293 0.255 0.246 0.262 0.248 0.274 0.256 . 0.225 0.236 0.254 0.255 0.272 0.311 0.264 
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RESULTS 
Gymnodinoid morphology 
A summary of the main morphological features of the species examined is shown in 
Table 2. Essentially, the species can be separated in to two broad groups based on their 
morphological and cytological features: 1) the outgroup species G. galatheanum and 
Gyrodinium sp. 2 (cf. mikimotoi, Gy2DE)which have straight apical grooves, few 
globular chloroplasts containing chlorophylls a, C2, C3  , and fucoxanthin as -the main 
accessory pigment; 2) the species which have loop-shaped apical grooves, typical 
dinoflagellate chloroplasts with chlorophylls a and C2 , and peridinin as the main 
accessory pigment. 

Within the loop-grooved species, 4 groups are distinguishable; 1) species with 
numerous radial rod-shaped chloroplasts (G. uncatenum, G. sanguineum), 2) species 
with numerous peripheral rod-shaped chloroplasts which produce clear mucoid (G. 
impudicum, Gymnodinium sp. 1 and Gyrodinium sp. 3) or brown cysts with 
irregular processes (C. polykrikoides, 1, Gyrodinium sp. 1), 3) the microreticulate 
group (G. catenatum, G. nolleri and G. microreticulatum) clearly distinguished by 
peripheral multi-lobed chloroplasts and cyst morphology, and 4) the non-
photosynthetic pseudocolonial Polykrikos species. 

Phylogenetic analyses 
Phylogenetic analyses obtained from the conserved region alignments, which included 
suessialians and prorocentroids and the peridinoid S. trochoidea, clearly resolved the 
suessialian outgroup species with Polarella branching at the base of this group. 
Distance analyses, represented here by a neighbour-joining tree (Fig. 2), showed poor 
resolution of the higher order branching. Three major clusters were evident; a cluster 
containing most of the loop-grooves species with Prorocentrum lima as a basal 
divergent branch, a cluster containing the straight grooved gymnodinoids, S. 
trochoidea, and the other prorocentroid species, and a third more basal group 
consisting of three loop-grooved species G. uncatenum, G. sanguineum and C. 
polykrikoides. These clusters were separated by very short higher order branches. -A 
50% majority rule boostrap consensus analysis (Fig. 3) resolved the cluster containing 
the loop-grooved gymnodinoids but failed to support branches separating the other 
clusters indicating that the higher branching order is poorly supported. Within the 
loop-grooved species, Polykrikos and the microreticulate species (G. catenatum-like) 
were resolved as monophyletic lineages. Maximum parsimony analysis yielded 34 
most parsimonious trees (MPTs) of 622 characters (CI=0.527, RI=0.701, RC=0.370, 
111=0.473). All trees resolved the loop-grooved gymnodinoids as a monophyletic 
group, excepting C. polykrikoides, G. sanguineum and G. uncatenum, which were 



Figure 2. Molecular phylogeny of the GPP-complex species derived from conservative 
sequences (445 nucleotide alignment positions) of the Dl-D2 region of the LSU-rDNA. 
Neighbour-joining tree constructed using Kimura 2-parameter distances. 
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Figure 3. Bootstrap consensus (500 replicates) neighbour-joining tree (445 nucleotide 
alignment positions of the D1-D2 region of the LSU-rDNA) using Kimura 2-parameter 
distances. 
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Figure 4. Bootstrap 50% majority-rule consensus (500 replicates) tree from maximum 
parsimony analysis using sequences of the Dl-D2 region of the LSU-rDNA (445 
nucleotide alignment positions). All positions as equally weighted unordered 
characters 
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distributed among the other ingroup taxa as in the distance analyses. Bootstrap 
consensus analysis resulted in an essentially identical tree to the distance bootstrap tree 
(Fig. 4). 

Analyses of full Dl-D2 region sequences, with the gymnodinoid species only, 
supported the groupings obtained in the conserved region analysis. Genetic distances 
between strains are shown in Table 3. The neighbour-joining tree (Fig. 5) resolved the 
straight-grooved species, including Gymnodinium sp. CCMP-426, which was closely 
allied to G. galatheanum. Cochlodinium polykrikoides, G. sanguineum and G. 
uncatenum again formed a cluster at the base of the loop-grooved species. Polykrikos 
was clearly separated, followed by a cluster containing the remaining loop-grooved 
species. Within this group, the microreticulate species grouped separately from the 
other four species. Bootstrap analysis showed greater than 50% support for all branch 
points with exception of the short branch clusters within the group containing G. 
impudicum. Parsimony analysis resulted in 6 MPTs of length 1221 (CI=0.614, 
RI=0.801, RC=0.492, HI=0.386), with identical topology but with minor differences 
in branch length (Fig. 6). The branching order of the lower taxa were as found in the 
distance analysis, as was the separation of microreticulate species from the loop-
grooved gymnodinoids. The major discrepancy was the position of Polykrikos, arising 
from within the group containing Gyrodinium sp. 3, G. impudicum and Gyrodinium 
sp. 1. Removal of the gap/variable regions (Appendix lb, positions 440-511, 623- 
730) from the analyses did not significantly alter the phylogenies, indicating that the 
observed discrepancies were not due to potentially ambiguous augment in the variable 
regions influencing the parsimony analysis differently to the distance/neighbour-
joining analysis. Bootstrap consensus values supported all branch-points with the 
exception of the successive branching of Gymnodinium sp. 1, Gyrodinium sp. 3, and 
G. impudicum from Gyrodinium sp. 1 and Polykrikos. 

The microreticulate cyst species 
All the phylogenetic analyses carried out consistently support the microreticulate 
species as a monophyletic group allied with, but distinct from, other loop-grooved , . 
gymnodinoid dinoflagellates. Within the microreticulate group, the analyses suggest 
than G. microreticulatum diverged first from the putative ancestral taxon, followed by 
G. nolleri and G. catenatum. The possibility of evolution in this group by polyploidy 
was examined by comparing mean cyst size and volume of the three species. Cyst 
volumes suggested a whole number relationship between the species (approx. 1:2:8) 
(Table 4). Nuclear diameter and the mean calculated nuclear volume (assumed to be a 
perfect sphere) showed that G. catenatum's nucleus was 2.1 times the volume of G. 
nolleri' s, which was in turn approximately 3.1 times the volume of G. 



Figure 5. LSU-rDNA phylogeny of loop apical-groove gymnodinoids. Neighbour- 
joining tree constructed using Kimura 2-parameter distances (see Table 3) calculated 
from complete D1-D2 region sequences (789 alignment positions). Figures at branch 
points are bootstrap consensus values (500 replicates) for each branch. The straight 
apical grooved species (G cf. mikimotoi Gy2DE and G. galatheanum) are designated 
as outgroups. 

GCCC21 

GCCC16 

100 GCDE04 
Gymnodinium 

GCHK53 catenatum 

96 

100 	GCJP10 

GCUR43 

— Gymnodinium nolleri 
7iGMNC01 

100 GMPLO1 Gymnodinium 
microreticulatum 

GMUR02 

61 

—GMPHO1 

GY1PA 

Gymnodinium sp. 1 
GY3SH 

Gyrodinium. sp. 1 

100 

<50 

81 
59 

ll (Lee) 

loaf 

	Gg1V 

C5-3  

Gyrodinium 
impudicum 

<50 

100r  Gy5HK Gyrodinium sp. 3 
Gy5TRA 

[(Tasmania) Polykrikos 100  
(Hong Kong) schwa rtzii 

Polykrikos kofoidii 

100 

59 

Cochlodinium polykrikoides 
GU-DE 

CS-289 Gyrodinium 
uncatenum 

GU-SW 
55 
	 Gymnodinium sanguineum 
	 Gyrodinium cf. mikimotoi Gy2DE 

100i  Gymnodinium galatheanum 
Gymnodinium sp. CCMP426 

100 

— distance = 0.01 



Figure 6. LSU-rDNA phylogeny of loop apical-groove gymnodinoids. One of 6 
most parsimonious trees. All 789 alignment positions of the D1-D2 region treated as 
unordered characters of equal weight. All transitions considered equally weighted. 
Figures at branch points are bootstrap consensus values (500 replicates) for each 
branch. The straight apical grooved species (G cf. mikimotoi Gy2DE and G. 
galatheanum) are designated as outgroups. 
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microreticulatum' s (Table 4). It should be noted that both G. catenatum and G. 
microreticulatum showed relatively little variation in nuclear shape and size, but G. 
nolleri displayed a high proportion of cells containing nuclei with elongated shapes, 
possibly due to nuclear division. Nuclei were only measured in G. nolleri cells from 2 
cell chains (assumed to be haploid vegetative cells) whose nuclei were close to 
spherical. 

Table 4. Diameters and volumes of cysts and nuclei of the three microreticulate cyst species. 
Comparative nuclear volumes of G.nolleri/G.microreticulatum and G. catenatum/G.nolleri 
highlighted. 

Physical Feature 
(11,11141-m3 ) 

G. 	microreticulatum G. 	nolleri G. catenatum 

Mean cyst diameter 24.0 31.2 47.5 
Mean cyst volume 7240 15900 56120 
Nuclear diameter (mean (s.d.)) 9.2 (0.40) 13.3 (1.10) 17.3 (0.47) 
Comparative cyst vol. 1.0 2.2 7.8 
(I G. microreticulatum vol.) 

Mean nuclear volume 410 1290 2710 

Comparative nuclear 
volume 

G. micro reticulatum 1.00 3.16 6.65 
G. nolleri 0.32 1.00 2.10 
G. catenatum 0.15 0.48 1.00 

A total of eleven strains of G. catenatum were sequenced over the Dl-D2 region of the 
LSU rDNA; one representative of each population is included here (Australia, 
GCDE04; Japan, GCJP10; Spain, GCSPO4; Hong Kong, GCHK53; and Uruguay, 
GCUR43). Some sequence ambiguities and a few potential base substitutions were 
noted between strains in raw consensus sequences, however, careful examination of 
electropherograms at the variable sites could not verify any of the nucleotide variatiOn 
and thus all sequences were considered to be identical. In contrast, clear and 
unambiguous variation was noted between the four G. microreticulatum strains. 
Among eastern Australian populations, there was only 1 base pair divergence between 
Newcastle (NSW) and Port Lincoln (SA), but as much as 7 base pairs (1%) 
divergence compared with the north-western Australian population at Port Hedland. 
Strain GMUR01 from the Mar del Plata, Uruguay, displayed up to 20 base-pairs (3%) 
divergence from Australian populations. Cultures of G. nolleri were only available 
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from one site (Kiel Bight, Germany) and hence only one sequence was available for 
this study. 

DISCUSSION 
Phylogeny within the GPP-complex 
The phylogeny and evolutionary relationships among major lineages of dinoflagellates 
has been debated for a considerable period of time. This is evidenced by comparison of 
the competing morphological and ultrastructural based models: 1) The plate increase 
model (Loeblich 1976, Taylor 1980) which places prorocentroids (2 major valve 
plates) as ancestral and the complex reticulate wall structure of the gymnodinoids as the 
most derived; 2) the plate reduction model (e.g. Eaton 1980) which essentially reverses 
the increase model, considering gymnodinoids ancestral and prorocentroids most 
derived; or 3) the plate fragmentation model (Bujak & Williams 1981), which again 
proposes prorocentroids ancestral and the gymnodinoids most derived. Recent 
molecular studies utilising SSU-rDNA (e.g. Zardoya et al. 1995, Saunders et al. 1997) 
have provided the first serious test of the competing models of phylogeny. These 
studies have indicated support for many aspects of early dinoflagellate evolution, but 
the molecular phylogenies for most of the planktonic dinoflagellate species showed 
serious conflicts with all three models. 

The gymnodinoids have long been suspected to be a polyphyletic group (Fensome et 
al. 1993), taxonomically grouped due to their of lack armoured plates (the cornerstone 
of dinoflagellate morphotaxonomy). Noctiluca scintillans and Amphidinium belauense 
diverge early in SSU-rDNA trees, well separated from the other more typical 
planktonic gymnodinoids. A strongly supported gonyaulacoid lineage follows, then 
the Suessiales which are represented by the symbiotic zooxanthellae, the polar, free-
living species Polarella glacialis (Montresor et al. 1999) and gymnodinoids such as G. 
varians and G. simplex which may have resumed a free-living lifestyle more recently 
(Wilcox 1998). The remaining gymnodinoids examined fall among members of the 
Prorocentrales and Peridiniales, forming an unresolved cluster of species termed the 
GPP complex (Saunders et al. 1997). Within this poorly resolved group support was 
evident for a group of Gymno/Gyrodinium species with loop-shaped apical grooves, 
which included the type species Gymnodinium fuscum Ehrenberg. 

The partial LSU-rDNA phylogenies presented in this study correlate well with the 
previous SSU studies (Figs 2-4). The suessialian species were clearly distinguished 
and the relationships among them consistent with previous SSU-rDNA studies; 
Gymnodinium linuchae and G. varians more derived, G. beii and G. simplex more 
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basal (Wilcox 1998), and Polarella glacialis branching at the base of the group 
(Montresor et al. 1999). The analyses presented here also suffer from the same 
difficulties as SSU-rDNA studies in resolving the relationships between the major 
GPP-complex lineages, with gymnodinoids interspersed with the prorocentroids and 
the peridinoids (Saunders et al. 1997, Grzebyk et al. 1998). Monophyletic lineages of 
the straight apical-grooved gymnodinoids (Gyrodinium sp. 2, G. galatheanum and 
Gymnodinium sp. CCMP 426), the prorocentroids (excepting P. lima) and the 
majority of the loop-apical grooved (excepting C. polykrikoides, G.sanguineum and 
G. uncatenum) were well supported (>72%). 

While bootstrap analysis did not resolve the three major GPP lineages as monophyletic 
groups, there is no support for polyphyly. The GPP-lineages may have undergone 
rapid evolutionary radiation followed by subsequent extinction of many lineages, 
leading to the observed array of relatively divergent taxa. The long terminal branches in 
such situations can also introduce artefactual clustering relationships in tree building 
algorithms due to "long-branch attraction" (Hendy & Penny 1989). Additionally, the 
poor resolution of branching order among the genera undoubtedly reflects limited 
taxon sampling. For example, one evolutionary hypothesis postulates, on the basis of 
plate tabulation patterns, an evolutionary link between the peridinoids, dinophysoids 
and prorocentroids via the Jurassic genus Nannoceratopsis (Fensome et al. 1993). 
Very few peridinoid (e.g. Peridinium or Protoperidinium) or dinophysialian (e.g. 
Dinophysis) rDNA sequences are know to date and improved sampling of these genera 
will undoubtedly assist in clarifying the confused higher order branching in the GPP-
complex. 

The "loop-grooved" gymnodinoids 
A consistent feature in previous SSU-rDNA phylogenies is the strong support for 
monophyly of the gymnodinoids exhibiting an anti-clockwise looped apical groove 
(Zardoya et al. 1995, Saunders et al. 1997). The analyses presented here with 12 
species examined, reaffirm this grouping (Figs 5, 6). The various clusters show some 
correlation with the morphological, cytological and resting cysts features of the 
species (Table 2). The more divergent placement of the two species with radially 
arranged, rod-like dinoflagellate chloroplasts, Gymnodinium sanguineum and G. 
uncatenum, clustering outside Polykrikos in all analyses, suggests that the loop-
grooved species may consist of three or more lineages with photosynthetic capability. 
The placement of C. polykrikoides is difficult to explain as its morphological features, 
particularly cyst features, would place it closer to Gyrodinium sp. 1; examination of 
additional species may more clearly define its relationship. 
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Polykrikos is within the broader loop-grooved gymnodinoid lineage, however, its 
relationship to other gymnodinoids is unclear. In distance analyses, it is distinct from 
the major group of loop-grooved gymnodinoids, yet using parsimony approaches, it 
arises from within the group, allied weakly with Gyrodinium sp. 1. Some support for 
this latter alliance is provided by the moderate similarity of the resting cysts; both 
heavily ornamented and brown-walled. In contrast, the archeopyle, an important 
taxonomic feature for cysts of gonyaulacoid and peridinoid groups, is tremic in 
Polykrikos and chasmic in the other species (Matsuoka 1985), arguing fOr the 
clustering shown in distance analyses. The remaining three species in this cluster, G. 
impudicum, Gymnodinium sp. 1 and Gymnodinium sp. 3, produce clear-walled 
resting cysts and have peripheral rod-like chloroplasts, reinforcing the affinities 
between these species. Finally, the microreticulate cyst species form a distinct 
monophyletic lineage within the loop-grooved gymnodinoids, in keeping with their 
unique morphological features. 

Cyst morphology has previously been shown to be a useful guide to taxonomic and/or 
genetic affinities in dinoflagellates. For instance, among the gonyaulacoids, Gonyaulax 
grindleyii Reinecke and Gonyaulax polyedra Stein, were known to produce cysts 
distinct from the more typical Spiniferites-type gonyaulacoid cysts. Dodge's (1989) 
detailed revision of the genus subsequently determined that the thecal plate tabulation 
of both species differed from other members of the genus Gonyaulax Diesing, 
relegating G.grindleyi to the previous synonym Protoceratium reticulatum, and 
assigning G. polyedra to the cyst-based genus Lingulodinium (Deflandre et Cookson) 
Wall as L. polyedrum. Similarly, the analyses presented here show emerging genetic 
affinities among the gymnodinoid species that correlate with cyst morphology, cell 
wall structural and cytological features. The addition of more well characterised 
photosynthetic species may more clearly resolve these groupings. The challenge for the 
future is to integrate the vast array of non-photosythetic gymnodinoid species. 

Evolution of the G. catenatum complex 
The microreticulate species constitute a distinct monophyletic lineage among the loop-
grooved gymnodinoid dinoflagellates. The species examined in this group are, 
however, too few and too poorly resolved in the analyses to speculate on the precise 
origin of the G. catenatum complex within the gymnodinoids. 

Within the complex, G. microreticulatum appears to have diverged earliest from the 
common ancestral taxon, followed much later by G. nolleri and G. catenatum. This . 
view is supported by the increased level of LSU-rDNA divergence noted between G. 
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microreticulatum populations compared to G. catenatum and G. nolleri, indicating 
much earlier global dispersal, followed by subsequent isolation of continental 
populations. Only a single Baltic Sea population was available for this study, hence it 
was not possible to examine geographic variation in this species. The current limited 
distribution of G. nolleri in Europe may mean there is little potential for genetic 
isolation and variation, however, it would be instructive to compare Baltic Sea 
populations with putative populations in the Mediterranean (Italy) (Montresor et al. 

1998). 

The increasing cell size, cyst size and comparative nuclear volumes strongly suggest 
evolution by a process of polyploidy, a process which has been an important driving 
force in the evolution of organisms capable of self-fertilisation, most obviously in 
many higher plant lineages (Gibby 1981). In the dinoflagellates, the vast range of 
chromosome counts from as little as three to well over 300 (Dodge 1963, 1965) 
implies that polyploidy has also had a major role in their evolution. Polyploidy has also 
been demonstrated within some long-term laboratory cultures of Gymnodinium breve 

(Loper et al. 1980). 

Polyploids usually show increased cell size and changes in biochemical and 
physiological properties, including changes in mating compatibility and/or breakdown 
of mating incompatibility (Gibby 1981). The evolution of the G. catenatum complex 
shows a shift from homothallism to multiple heterothallic mating. Gymnodinium 

micro reticulatum readily produces cysts in clonal cultures and appears to be a 
completely homothallic (self-fertile) species. Gymnodinium nolleri appears incapable 
of producing cysts in clonal or cyst-initiated cultures and appears to be heterothallic, 
with little self-compatibility by bi-parental mating (Ellegaard & Oshima 1998), 
suggesting a multiple mating system. Similarly, G. catenatum is also heterothallic with 
a complex multiple system, which rarely shows bi-parental compatibility within cyst 
initiated cultures, and appears an almost exclusively outbreeding species (Chapter 7, 
Blackburn et al. 1999). 

Assuming G. microreticulatum to retain ancestral ploidy (1n, haploid), and little 
increase or decrease of chromosomal and DNA content by other means, G. nolleri may 
have evolved by triploidisation, either directly, or via a second unknown/extinct 
intermediate (2n, haploid) species. Triploidy is usually thought to result in unstable or 
reproductively sterile individuals due to unequal chromosome pairing during the 
reduction divisions of meiosis (Gibby 1981) and, using plant systems as a model, it 
would be difficult to see how G. nolleri might have evolved a viable, stable genotype 
by triploidy. Dinoflagellate nuclei, however, appear to be capable of undergoing 
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unusual changes or chromosomal reductions. A large number of dinoflagellates are 
known to produce "small cells", both in laboratory culture and natural populations, by 
unequal nuclear fragmentation (amitosis), or by successive nuclear reduction divisions. 
These cells contain a small dense nucleus with a reduced chromosome count and 
evidence of chromosomal fragmentation. After transfer to fresh growth medium, these 
cells recover their "large" morphology and their normal chromosome count (Silva & 
Faust 1995). The nuclei in "small cells" of G. mikimotoi (G. cf. nagasakiense) 
produced in amitotic division were noted to be 3-6 times smaller than normal nuclei 
and contained variable chromosome counts (Partensky & Vaulot 1989). It is possible 
that G. nolleri arose from a G. microreticulatum-like ancestor as an aberrant but 
successful meiotic product of triploidy, or by tetraploidy and subsequent nuclear loss 
or fragmentation divisions to establish an approximately triploid nuclear volume. 

Similarly, G. catenatum appears to have evolved more recently from a G. nolleri -like 
ancestor, probably by diploidisation. Support for the diploidy/polyploidy of G. 

catenatum is provided by allozyme studies of G. catenatum (Bolch et al. 1999a, data 
not shown). Many enzyme loci displayed multiple banding patterns indicative of gene 
duplication sometimes displayed in allozyme patterns of species of polyploid origin 
(Ohno 1970). Comparative studies of G. catenatum and G. nolleri show at least two 
enzymes with much more complex patterns in G. catenatum than G. nolleri (Ellegaard 
& Oshima 1998), however, the lack of allozyme polymorphism in G. catenatum did 
not allow the examination of heterozygotes which may have clarified the nature of the 
enzyme systems (Bolch et al. 1999a). 

The mechanism by which diploidy/polyploidy might proceed in dinoflagellates can 
only be speculated at present. In higher plants, one mechanism is thought to be the 
failure of duplicated chromosomes to separate at mitosis, resulting in two sets of 
chromosomes in a single cell to produce a diploid (autoploidy). Another mechanisms is 
via hybridisation with closely related species to produce a polyploid hybrid (alloploidy) 
(Gibby 1981). Life-histories in G. catenatum and G. nolleri are known to be a typical 
haplo-diploid system with haploid vegetative cells and gametes, and diploid zygotes, 
(resting cysts) (Blackburn et al. 1989, Ellegaard & Oshima 1998). A possible 
autopolyploidy scenario is that gamete-like behaviour may be retained after gamete 
fusion to form planozygotes (2n swimming zygote), leading to subsequent fusion of 
two planozygotes prior to cyst formation. This would result in a polyploid (4n) cyst 
which germinates to release four polyploid (2n) vegetative progeny after the two post-
germination meiotic divisions. 
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G. catenatum global dispersal 
Unfortunately, this study could not substantiate any rDNA polymorphism among 
strains of G. catenatum from the five populations, and the D1-D2 appears unsuitable 
for resolving relationships between populations. The LSU-rDNA variation displayed 
by G. microreticulatum, however, indicates that highly conserved rDNA sequences are 
not a general feature of the gymnodinoids or the G. catenatum species complex in 
particular. Hence, the lack of variation in G. catenatum argues strongly for its 
relatively recent evolution among the gymnodinoids and/or its more recent global 
dispersal. 

Interestingly, if one accepts the hypothesis that G. catenatum arose by polyploidy from 
G. nolleri, then the apparent confinement of G. nolleri to coastal Europe (Chapter 4) 
suggests a European evolutionary origin of G. catenatum, followed by global dispersal 
to essentially all major continents. This view will, of course, have to be substantially 
altered in the event of reports of microreticulate species, particularly G. nolleri, from 
southern continents (Australia, South America) or south-east Asia. 
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ABSTRACT 
Reproductive compatibility was examined between 21 strains of Gymnodinium 
catenatum derived from four different global populations: Tasmania, Australia (15 
strains), Japan (2 strains), Spain (2 strains) and Portugal (2 strains). Pairwise crossing 
of strains demonstrated extensive intra-population compatibility (to cyst formation) 
among all four populations. The mating system among strains was found to be most 
consistent with a heterothallic, multiple-group mating system, requiring at-least 
several groups to explain the pairwise crossing data. Despite the ability of strains 
from different populations to produce resting cysts, the viability of progeny was 
highly variable among inter-population crosses. Cysts from all crosses showed a high 
germination percentage (93-100%) and released a swimming planomeiocyte. Intra-
Tasmanian crosses, and those between Spanish and Japanese strains, showed high 
post-meiotic viability (65% and 80% respectively). However, progeny from 
Tasmanian-Spanish and Tasmanian-Japanese crosses, showed very low post-meiotic 
viability (5-10%), indicating a higher level of somatic incompatability between these 
populations. Significant differences in sexual life-history (e.g. rate of gamete 
formation, cyst dormancy) were also noted between inter-population crosses, 
suggesting genetically determined strain, and population level differences. The 
crossing data indicate a high level of mating diversity within the Australian 
population, and that the Japanese and Spanish populations are more closely related to 
each other than to Australian populations, a view supported by molecular studies. 
Implications for the proposed global dispersal of G. catenatum, and the use of 
interbreeding to unravel population relationships are discussed. New measures are 
proposed for examining strain and population reproductive compatibility (RCS  and 
RC) respectively, which are calculated as the product of the proportion of successful 
matings (termed compatibility index, CI) and the number of cysts produced (average 
vigour, AV) in successful crosses. 

INTRODUCTION 
Gymnodinium catenatum Graham is an unarmoured, chain-forming, toxic 
dinoflagellate first described from the Gulf of California (Graham 1943). It was first 
linked with paralytic shellfish poisoning (PSP) in 1976 in Spain and has since caused 
poisoning problems in Mexico, Portugal, Japan and Australia (Tasmania). It is also 
known from South American waters in Venezuela (La Barbera-Sanchez 1993) and 
the Mar del Plata in Argentina and Uruguay (Balech 1964, Mendez & Brazeiro 
1993), and from Southern China (Qi et al. 1996). More recent reports from tropical 
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waters such as the Phillipines (Fukuyo et al. 1993) and Western India (Godhe et al. 
1996) indicate that G. catenatum has an unusual distribution, from cool-temperate 
through to tropical waters, and may consist of different climatic ecotypes 
(Hallegraeff & Fraga 1998). 

Australian populations of G. catenatum are separated from other populations in 
Asia, Europe, the Gulf of Mexico, and South America. While this disjunct-
distribution may represent residual populations of an originally cosmopolitan 
species, they may have also resulted from recent intercontinental dispersal of a 
geographically restricted coastal dinoflagellate across oceanic boundaries 
(Hallegraeff 1993). Natural dispersal of dinoflagellates by oceanic and coastal 
currents along contiguous coastlines, or between neighbouring land masses, has 
been implicated for Alexandrium tamarense (Anderson et al. 1982) and 
Pyrodinium bahamense (Maclean 1989). However, G. catenatum appears to be an 
obligate coastal species with specific micronutrient requirements (e.g. Selenium, 
Doblin et al. 1999) and natural dispersal across the world's major oceans appears 
unlikely. One potential vector assisting dispersal of coastal species is international 
shipping, particularly high-speed, bulk carrier traffic (Carlton 1985), which is 
known to be a significant vector for the spread of toxic bloom-forming 
dinoflagellates (Hallegraeff & Bolch 1992, Hallegraeff 1993). 

The unexpected appearance of G. catenatum in southern Tasmania during the 1980s 
led to the hypothesis that G. catenatum was introduced to Australian waters. 
Examination of historical plankton samples indicate that G. catenatum was not part 
of the phytoplankton in southern Tasmanian waters before 1980, and surveys for the 

distinctive resting cysts in dated (210pb ,  137cs) sediment cores suggest that the cyst 
was not present in the area before 1973 (McMinn et al:  1997). The most probable 
vectors appear to be international shipping, via cargo vessel ballast carried by 
woodchip vessels from Japan, or from Spain or Portugal via fruit ships exporting 
Tasmanian fruit during the 1960s (McMinn et al. 1997). 

Interbreeding has proven to be a valuable tool to delineate genetic relationships 
between other morphological species and/or populations of microalgae (e.g. 
Blackburn & Tyler 1987, Coleman 1977, Ichimura & Kasai 1990, Proctor 1975, 
Wiese & Weise 1977). For G. catenatum, the relative ease with which the sexual life 
cycle is initiated and manipulated in the laboratory and its heterothallic outbreeding 
characteristics (Blackburn et al. 1989) suggested the potential value of this approach. 
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Furthermore, successful crosses are easily recognised by the formation of distinctive 
brown, microreticulate resting cysts (Blackburn et al. 1989, Anderson et al. 1988). 

In the present study, we sought to determine the mating sytem and relationships 
between strains of G. catenatum from the Tasmanian and other available global 
populations using interbreeding compatibility. We describe interbreeding variations 
within and between 21 strains of G. catenatum from Tasmanian, Spanish, Portugese 
and Japanese populations. Compatibility is examined at four levels; 1) gamete 
recognition and fusion, 2) cyst production, 3) successful germination, and 4) post-
meiotic viability. The implications of within and between population compatibility 
variation for the possible origin of the Tasmanian populations, and the use of 
interbreeding as a tool for population studies, are discussed. 

MATERIAL AND METHODS 
Strain isolation and culture maintenance 
Strains of G. catenatum were isolated as single chains from field samples from a 
number of localities and blooms in south east Tasmania (Table 1). In addition, some 
strains were isolated from a non-clonal, sexually self-compatible Tasmanian strain 
(originating from a wild resting cyst) in order to obtain (+) and (-) mating types 
which were assumed to emerge from a germinated resting cyst (Blackburn et al. 
1989). Strains from other populations were kindly provided by Dr I. Bravo (Spain), 
Dr S. Franca (Portugal) and Prof. Y. Oshima (Japan). Stock cultures were maintained 

in 50 mL Erlenmeyer flasks containing 40 mL of 28 g kg-1  salinity GSe medium 

(Blackburn et al. 1989) at 17°C and 80 gmol photons PAR m -2sec-1  with a 12:12 
light:dark cycle. 



Table 1. Isolation history of the G. catenatum strains used in the interbreeding studies. (ND = Clonal status not determined. * denotps strains included to provide strain 
history and not used for mating analyses) 

Strain Name Date of Source Isolation History Clonal Isolator 
Isolation 

Australia 
GCDE01 6.1.86 Derwent Estuary Six chains No S. Blackburn 
GCDE02 23.1.86 Derwent Estuary Chain of 8 cells Yes S. Blackburn 
GCDE05 8.1.87 Derwent Estuary Chain of 12 cells Yes S. Blackburn 
GCDE06 8.1.87 Derwent Estuary Chain of 10 cells Yes S. Blackburn 
GCDE07 8.1.87 Derwent Estuary Chain of 8 cells Yes S. Blackburn 
GCDE08 15.6.87 Derwent Estuary Chain of 8 cells Yes S. Blackburn 
GCDE09 15.6.87 Derwent Estuary Chain of 4 cells Yes S. Blackburn 
GCHUO2 6.6.86 Deep Bay, Huon Estuary Chain of 8 cells Yes S. Blackburn 
GCHUO5* 15.6.87 Deep Bay, Huon Estuary All products of a wild resting cyst No S. Blackburn 
GCHUO6 Clonal isolate of GCHU05, 9.12.87 Yes S. Blackburn 
GCHUO7 Clonal isolate of GCHU05, 12.12.87 Yes S. Blackburn 
GCHUO8 Clonal isolate of GCHU05, 12.12.87 Yes S. Blackburn 
GCHUO9 One of four 8-cell chains germinated of a GCHUO5 ND S. Blackburn 

. resting cyst, 15.6.88 
GCHU10 One of two 4-cell chains, the products of 

germination of a GCHUO5 resting cyst, 20.6.88 
ND S. Blackburn 

GCHUll The other 4-cell chain isolated with GCHUIO, 
20.6.88 

ND S. Blackburn 

GCHU15 5.4.90 Purcell's Bay, Huon Estuary Chain of 8 cells ND S. Blackburn 

Japan 
GCJP01 4.9.85 Harimanada, Japan Clonal isolate of strain IP01, in 1990 Yes S. Yoshimatsu / S. 

Blackburn 
GCJP10 1986 Senzaki, Japan ND T. Ikeda 

Spain 
GCSPOI* 5.11.85 Ria de Vigo, Spain 4 chains of 16-30 cells No 1. Bravo 
GCSPO8 Clonal isolate of SPO1 on 6.9.89 Yes I. Bravo / 

S. Blackburn 
GCSPO9 Clonal isolate of SPO1 on 6.9.89 Yes I. Bravo / 

S. Blackburn 
Portugal 

GCPT01 10.86 Figueira da Foz, Portugal Temporary cyst Yes E.S. Silva/ S. Franca 
GCPT02 8.89 Aguda, Portugal Single chain Yes S. Franca 

112 
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Mating type and reproductive compatibility analysis. 
Strains were mixed (crossed) in all possible pairwise combinations by pipetting 1 mL 

of a late-logarithmic phase culture (approx. 10 6  cells L-1) of each strain into 10 mL 
-N-P of GSe medium without nitrate or phosphate (GSe ) in 50 mm diameter pre-

sterilised polystyrene petri dishes. Petri dishes were sealed with ParafilmTm and 

incubated at 17°C ± 0.5°C, 150 gmol photons PAR m -2sec-1  light intensity with a 
12:12 light:dark cycle. Self-crossed controls and tests for homothallism consisted of 

2 mL of each single strain added to 10 mL of GSe -N-P  medium under idqntical 
conditions to pairwise crosses. All crosses were repeated, and where a negative 
result was obtained in both crosses a third cross was made. 

Crosses were checked for resting cyst formation and signs of sexual activity (e.g. 
gamete formation) at 4 and 8 weeks by scanning the entire petri dish (by transects) 
with a Nikon Diaphot inverted microscope at 40 times magnification (4x objective). 
Crosses were scored for cyst production at 8 weeks, according the following criteria: 

Score 
0 

Cyst concentration (cysts L') 

0 - 3.0X102  

Cysts cross" 
<4 

1 > 3.0X102  - 2.0X103  4- 24 

2 > 2.0X103  —1.0X104  25- 124 

3 > 1.0X104-1.0X105  125- 1200 

4 > 1.0X105  > 1200 

Replicate crosses were scored and the maximum replicate score used for analyses 
due to inconsistent mating responses between some replicates. 

To examine the evidence for (+) (—) heterothallism the results of the crosses were 
treated as follows: each strain was, in turn, considered as a "seed" strain. For a given 
"seed" strain, all strains that were compatible with it were first discarded. Among 

• those that remained, the strain compatible with the largest number of others in the 
group was discarded. This was repeated until no pair of strains in the group was 
compatible. The sorting was done automatically using Minitab (Minitab Inc., PA, 
USA), however any programming language could replicate this process. Note that 
crosses producing very low numbers of cysts were included in cyst score category 0 
(<4 cysts per cross) and treated as negative results in analyses due to the possibility 
of low level selfing in heterothallic strains (Destombe & Cembella 1990, Kasai 
1991). Crosses which produced gametes only (observed at 4 or 8 weeks as for the 
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resting cysts) were similarly treated due to the uncertain nature of gamete-only 
compatibility. 

Initial group sorting failed to resolve two (and only two) distinct mating groups, so 
evidence for multiple mating groups was examined by manual sorting of strains into 
possible incompatibility-groups. The "fitness" of the sorted matrix was assessed by 
comparison of eigen-vectors and values of the complement of the crossing —matrix. 
This approach is not exhaustive and the groups formed from different seeds are not 
the only combinations congruent with the crossing data. 

To assess the mating success variability among the strains examined, each strain's 
reproductive capability in all crosses was scored using the following two parameters: 

1) Compatibility index (CIs): the number of compatible pairings resulting in a 
score of 1 or more divided by the total number of possible crosses (other than 
self crosses). 

2) Average vigour (AV s): The average of the scores (0-4) for maximum cyst 
production for all successful crosses involving a particular strain. (Note: The 
scores approximate a logarithmic scale therefore the average score 
corresponds to a geometric mean of cyst numbers. This is more appropriate as 
the cyst score distribution was skewed toward larger scores). 

A single measure of strain reproductive compatibility (RC) was calculated as the 
product of the strain's CI and AV in all crosses (i.e. RC s  = CIs  X AVs). To assess 
between population compatibility, these measures were calculated using data 
grouped by pairwise inter-population cross to obtain the pairwise between-population 
measures, between-population compatibility index (CI p), between-population vigour 
(AVp) and between-population reproductive compatibility (RC). 

Inter-population crossing and viability studies 
Representative cyst-producing crosses between Tasmania and Japan (GCJP10 x 
GCHU09), Japan and Spain (GCJP10 x GCSPO8 and GCJP10 x GCSP09), Spain and 
Tasmania (GCSPO8 x GCHU10) and a control within-Tasmanian cross (GCDE02 x 
GCHU10) were selected for detailed examination of sexual life history events. For 
duplicate crosses, the time (days) to the first appearance of gametes and cysts, and 
first cyst germination was determined by microscopic observations every 2 days for 
84 days after inoculation. Estimates of cyst production were made in one of two 
ways: 1) crosses displaying low cyst number were scanned entirely (in transects 
across the petri dish) using a Nikon Diaphot inverted microscope and the total 
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number of cysts (intact and germinated) was recorded; 2) crosses displaying high 
numbers of cysts were estimated by counting intact and germinated cysts along a 
transect across the central axis of the petri dish at 100X magnification. The total 
number of cysts per cross was calculated from the known field of view and the 
surface area of the petri dish. The proportion of germinated cysts to total cysts (intact 
plus germinated) was determined for each cross at several intervals throughout the 
experiment and the results for each pair of inter-population and Tasmaniarrintra-
population crosses averaged. Due to the extended period of cyst production noted in 
G. catenatum crosses (up to 3-4 weeks), and cross-specific differences in the rate of 
gamete formation and fusion, two estimates of cyst dormancy period were calculated. 
Firstly, the number of days from first cyst production, to the day of first cyst 
germination (termed standard dormancy), and secondly, the days from cross 
inoculation to 50% germination ("median dormancy", Binder & Anderson 1987), 
which includes the gamete formation and fusion. Neither measure is equivalent to the 
"minimum dormancy" estimated at 13 days for G. catenatum (Blackburn et al. 
1989). 

Cyst germination and post-meiotic viability of between-population crosses was 
examined using the same selected crosses. Cysts from crosses were individually 
isolated before germination with a glass micropipette under a Wild M7 
stereomicroscope, washed in sterile GSe medium, and placed into separate 36 mm 
diameter sterile polystyrene petri dishes containing approximately 3 mL of GSe 
medium. Dishes were wrapped in ParafilmTM,  incubated at 17°C ± 0.5°C at a light 

intensity of 150 gmol photons PAR m -2sec-1  and examined at regular intervals for 
60 days for signs of germination. Germinated planomeiocytes were observed for 
subsequent post-meiotic survival. Cyst progeny exhibiting successful division 
beyond the 8 cell stage were considered viable as this represents two successful 
mitotic divisions post-meiosis (Blackburn et al. 1989). 

RESULTS 
Interbreeding compatibility: formation of resting cysts 
MATING SYSTEM: The matrix of inter-crossing and self-crossing compatibility for 
all possible crosses is presented in Table 2. Outbreeding (heterothallism) was the 
rule, even where the clonal status of strains was unknown (Table 1). Exceptions 
were a few cysts recorded in self-crosses of PT01 and SP08. The arrangement of 
strains in Table 2 illustrates two groups, labelled A and B, consisting of strains which 
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were compatible between groups but incompatible within each group, and an A/B 
group which could be classified in either group, primarily due to the low proportion 
of successful crosses. The A and B mating groups are therefore comparable to that 
expected for a simple (+) and (—) mating system. However, a third group labelled C, 
consisted of strains compatible with both groups A and B. For example, group C 
strain GCHUO9 is compatible with 18 of 20 other strains. 

Table 2. Results of G. catenatum intercrossing experiments. Strains sorted to form two largest mating 
groups (A and B), leaving a third group C which is compatible with both groups A and B. Strains in 
group A/B could not be clearly assigned to either group A or B due to their limited number of 
compatible matings. (G = gametes only, *Strains producing <4 cysts treated as negative in mating 
group analyses) 

Strain 
Code 

A A/B 

DE01 
DE06 

0 0 .. 10 
000   '0 

0. 
"0 

9 0 	0 	0 
:000  	1 

1 0 1 2 
3042    

0 
0 

0* 
2 

0 
0* 

00 
0 0 

0 
2 

2 	2 
3 	3 

A DE07 0 0 O . 	0 0 0 G0*  0 2 0 2 2 0 3 0* 0 0 G 2 	3 
HUO2 o 9 0: 0 000 	0 0* 2 2 3 3 0 2 0* 0* 0 033  
DE05 0 . 0 0 0..0 	0 	0 	0 0 0 2 0*1 0 1 0 0 0 1 	2 
PT02 0 0 0000 	0 0 0 2 2 0* 0 1 0 0* 0 22 

A/13 DE09 0 0 G 0 0 0 0 0 	0 0 0 0 0 0 0 0 0 0 0 10 
FIU08 0 0 O*0 0 0 	0 	0 O*0 0 0 0 O*0 0 0 2 0 1 	2 
HUO7 0 1 0 O*0 0 	0 O*0 0 0 0 0 02 1 02 220  
HUH. 1 3 2 2 0 0 	0 	0 	0 0 0 0 0 1 3 1 0 2 3 2 	0 

B PT01 0 0 0 2 0 00 	0 	0:0  0* 0* 0 3 0 0 1 0* 0 0* 3 
SPO8 1 4 2 3 2200  	, 0 0,0* 0* 0 3 03 22 3 3 	4 
SPO9 2 2 2 3 0* 2 	0 , 0 	0 0",0 ‘ ,0 0 1 0 2 2 2 0* 3 	4 
DE08 0 0 0 0 1 O*0 O*0 1 3 3 1 0 2 2 1 2 2 3 	4, 
HUO6 0*2 3 2 0 0 0 	0 	2 3 0 0 0 2 0 0 0 2 3 0 	3 
JP01 0 0*O*0*1 1 	0 	0 	1 1 0 3 2 2 0000  113 

C JP10 0 0 	0 O*0 0 0 0 	0 0 1 2 2 1 0 0 0 2‘ 1 	3 	1 
HU15 000  0 0 0* 0 	2 	2 2 0* 2 2 2 2 0 2 0 020  
DE02 0 2 G 0 0 0 0 	0 	2 3 0 3 0* -2 3 1 1 0 0 3 	3 
HUO9 2 3 2 3 1 2 	1 	1 	2 2 0* 3 3 3 0 1 3 2 3 0 	3 
HU10 2 3 3 3 2 2 	0 	2 	0 0 3 4 4 43 3 1 3  0 3 

In addition to (+)(-) heterothallism, we considered two other mating system models 
known to operate in protists: (1) separate mating groups, equivalent to "syngens" ,  
sensu Sonnebom (1957), later redefined as sibling species (Sonnebom 1975) in 
which strains within a mating group are compatible in a typical (+) (—) 
heterothallism, but are incompatible between groups (binary system); (2) a system of 
multiple mating types where mating does not occur within a group, but can take 
place between groups (multiple system, Dini & Nyberg 1993). After sorting data 
using binary success matrices, and removing gamete only results, we generated 
numerous potential multiple group combinations (at least 9). More than two, and 
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generally six or more mating groups (mating types), were required to be consistent 
with the crossing matrix, indicating that the G. catenatum data are most consistent 
with the multiple system of Dini & Nyberg (1993). Two example groupings are 
shown: where strains are grouped to give the minimum most evenly sized groups 
(Table 3, 6 groups of 3-4 strains); the two largest groups (8 and 6 strains) requiring a 
total of 7 mating groups (Table 4). No single set of definitive mating groups can be 
defined due to the relatively low proportion of successful crosses. 

Table 3. Gymnodinium catenatum multiple mating groups, based on criteria of minirrium (six) most 
evenly sized groups (shaded) containing 3, 3, 4, 4, 4, and 3 strains. An alternative seven group 
combination is indicated by dashed lines. 

Group! 
Strain 

1 2 3 4 5 6 

HUO9 
1 	HUO6 

PT01 

!:0 	0 - 	1 	1 	1 	1 
Q 	0 	0 	1 	1 	1 

1 	0 	o 	 .6. 0000 

1 	1 	1 	:0 	0 	0 
1 	1 	0 	0 	1 	0 	0 
1 	1 	0 	0 	1 	0 	0 
1000110000011 
1 	0 	0 	0 	1 	1 	0 
1000 	1 	1 	0 
1 	1 	1 	0 	1 	1 	0 
1 	0 	0 	0 	0 	1 	0 
1 	1 	0 	0 	0 	1 	0 
1 	1 	1 	0 	0 	1 	0 
1 	0 	0 	0 	0 	1 	0 
1 	1 	0 	0 	0 	1 	1 
1 	0 	0 	0 	0 	1 	0 
1 	1 	0 	0 	0 	1 	1 
1 	0 	1 	0 	1 	1 	0 
1 	00 	00 	1 	1 

00000100000100l000010 

110000111111000000010 

1 	1 	1 	1 	1 
1 	0 	0 	0 	1 

00000 

0 	1 	1 	1 	1 
0 	0 	0 0 	0 
0 	0 	0 	0 	1 

0:1 	0 	0 	0 	1 
0 	0 0 0  	 
1 	1 	1 	00 
1 	1 	1 	0 	0 
1 	1 	1 	0 p 
1 	1 	1 	0 	0 
0 	1 	1 	0 	0  
1 	1 	0 	0 	1 
0 	1 	0 	0 	1 
1 	1 	1 	0 	0 
0 	1 	1 	0 	1 
1 	1 	1 	0 	1 

1 	1 	1 	1 	1 	1 	111  
0 	1 	1 	0 	1 	0 	1 	0 	0 

	

00000 	000 

1 	1 	1 	1 	1 	1 	111  
0 	0 	0 	0 	1 	0 	101  
1 	1 	1 	0 	1 	0 	1 	0 	1 

1 	1 	1 	1 	1 	111  
1 	1 	1 	1 	0 	0 	1 	1 	1 
0 	0 0 0 0 0 	0 0 0 
00 	0 	0 	1 	1 	0 	1 	1 
0 	0 	0 	0 	0 0 	0 	0 0 
0 	d:: o 	o 	o 	o 	o 	o 	0 
0 	0 pQ 	0 	0 0 	000  
0 	o 	 b 	0 0 	0 	0 	1 
0 	0 9 	9 0 	1 	1 	1 
0 	0 0 	0 	0 0 	0 	0 	1 
0 	0 	0 	0 	1 	0 	0 0 0 
0 	0 	0 	0 	1 	0 	0 	0 	0 
0 	00 	1 	1 	1 	0 	0 	0 

DE09 
2 	HU15 

HU10 
HUO7 

3 HUH 
SPO8 
5P09 
HUO8 

4 	DE08 
DE01 
DE07 
HUO2 

5 	P102 
DE02 
DE05 
DE06 

6 	JP10 
JP01 
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Table 4. Gymnodinium catenatum multiple mating group based on criteria of largest possible groups. 
Seven groups (shaded) with , sizes 8, 6, and 3 strains with four single strain groups 

Group! 
Strain 

1 2 3 4 5 6 7 

HU15 
DE06 
DE07 
DE01 

1 HUO2 
DE05 
PT02 
DE09 

0 	0 	0 	0 
000 	0000 
00000 
0 	0 	0 	0 
0 	0 	0 	0 
0 0 	0 	0 
0 	0 	0 	0 
0 0 	0 	0 

0 

0 
0 
0 
0 
0 

0 0 	0" 1 	1 	101 		1 	1 	0 	1 	0 	0 	1 	1 
 0 1  1 	1 	00 	1 	1 	1001 	1 	01 

0 	0 , 0 	1 	0 	0 	1 	1 	1 	0 	0 	1 	0 	0 	1 
0 	0 	0 	1 	0 	0 	1 	1 	0 	0 	0 	1 	0 	0 	1 
0 	0 	0 	1 	0 	1 	1 	1 	1 	0 	0 	1 	0 	0 	1 
0 	0 	0 	0 	0 	0 	1 	0 	0 	1 	0 	1 	0 	1 	1,, 
0 	0 	0 	0 	0 	0 	1 	1 	0 	1 	0 	1 	0 	0 	1 
0 	0 	0 	0 0 	0 	0 	0 	0 	0 	0 0 	0 	0 	1 

HUO7 
HUH 
HUO8 

2 P101 
5P08 
SPO9 

1 	1 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	1 	1 	0 	0 	1 	91 
1 	1 	1 	1 	1 	0 	0 	0 	0 	0 	0 	0 	0 	0 	1 	1 	00 	1 	'1.1 
1 	0 	0 	0 	0 0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	1 	0 	0 	1 
0 	0 	0 	0 	1 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	1 	1 	0 	1 	0 
1 	1 	1 	1 	1 	1 	1 	0 	0 	0 	0 	0 	0 	0 	0 	1 	1 	1 	1 	1 	1 
1 	1 	1 	1 	1 	0 	1 	0 	0 	0 	0 	0 	0 	0 	0 	1 	1 	1 	0 	1 	1 
1 	1 	1 	0 	1 	0 	0 	0 	1 	1 	0 	0 	0 	0 	0 	0 	0 	1 	1 	1 	0 
0 	0 	0 	0 	0 	1 	1 	0 	1 	1 	0 	0 	1 	1 	0 	0 	0 	1 	1 	1 	1 
1 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	1 	1 	1 	0 	0 	0 	1 	1 	1 	1 
0 	1 	1 	1 	1 	1 	1 	0 	0 	0 	1 	1 	1 	1 	1 	1 	1 	0 	1 	1 	1 
0 	1 	0 	0 	0 	0 	0 	0 	1 	1 	0 	0 	1 	0 	1 	1 	1 	1 	0 	1 	1 
1 	0 	0 	0 	0 	1 	0 	0 	0 	1 	0 	1 	1 	1 	1 	1 	1 	1 	1 	0 	1 
1 	1 	1 	1 	1 	1 	1 	1 	1 	1 	1 	0 	1 	1 	0 	1 	1 	1 	1 	I 

HUO6 
3 	JP01 

JP10 
4 	HU10 
5 	DE02 
6 	DE08 
7 	HUO9 

STRAIN REPRODUCTIVE COMPATIBILITY: The compatibility index (CI s) of 

strains and the average vigour for compatible pairs (AV s) for each strain are 
summarised in Table 5. Using these criteria, GCHU10, GCHUO9 and GCSPO8 rank 
highly i.e. they cross with many other strains, and produce large numbers of cysts, 
while GCDE09 ranks low, and GCDE01, GCDE05 and GCHUO8 rank moderately 
low. Overall there is considerable diversity between strains. However there is a 
generally consistent mating response among closely related strains (e.g. HUO9 and 
HU10, and SPO8 and SP09). 
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Table 5. Overall reproductive compatibility of each strain in all crosses measured by compatibility 
index (CIs), average vigour (AVs ) and the reproductive compatibility (RC s) 

Strain CIS  AV s  RCs  

GCHU10 0.80 2.81 2.25 

GCHUO9 0.90 2.22 2.00 

GCSPO8 0.65 2.62 1.70 

GCSPO9 0.55 2.27 1.25 

GCDE08 0.60 2.08 1.25 ' 

GCDE02 0.50 2.30 1.15 

GCHUO6 0.45 2.44 1.10 

GCDE06 0.40 2.50 1.00 

GCHUll 0.50 2.00 1.00 

GCHUO2 0.35 2.57 0.90 

GCHU15 0.45 2.00 0.90 

GCJP01 0.50 1.60 0.80 

GCDE07 0.30 2.33 0.70 

GCJP10 0.40 1.63 0.65 

GCHUO7 0.30 1.67 0.50 

GCPT01 0.20 2.25 0.45 

GCPT02 0.25 1.80 0.45 

GCDE01 0.25 1.60 0.40 

GCDE05 0.25 1.40 0.35 

GCHUO8 0.15 1.67 0.25 

GCDE09 0.05 1.00 0.05 

REPRODUCTIVE COMPATIBILITY AMONG POPULATIONS: To consider the 
compatibility to the level of resting cyst production we analysed crosses grouped by 
population (calculated among each set of inter-population crosses) to obtain CI p, AVp  
and RCp  (Table 6). Japan (Jap.) X Spain (Spa.) showed the highest RC, derived ." 
from a proportion of successful crosses (high CI) and high overall AV; Tasmania 
(Tas.) X Spa. had the highest AV and second highest CI. Tas. X Tas. intra-
population crosses scored a lower RC p  ; average vigour was high, however, the CIp  
was low due to the diversity of mating responses and the few highly incompatible 
strains (e.g. GCDE09) resulting in a moderate RCp  score. Due to the low number of 
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possible intra-population crosses, limited compatibility success was noted in Jap.X 
Jap., Portugal (Port.) X Port. and Spa.X Spa. crosses. 

Table 6. Reproductive compatibility between populations compared to intra-Tasmanian control cross 
(Tas. x Tas.) measured by between population measures, average vigour (AV,) compatibility index 
(CI,) and reproductive compatibility (RC). 

Population(s) CIp AV p RCp  

Jap. x Spa. 1.00 2.25 2.25 

Tas. x Spa. 0.60 2.56 1.54 

Port. x Spa. 0.50 2.00 1.00 

Tas. x Tas. 0.41 2.22 0.91 

Tas. x Jap. 0.40 1.50 0.60 

Jap. x Port. 0.50 1.00 0.50 

Tas. x Port. 0.17 2.40 0.41 

Inter-population crosses 
The development time of the different sexual stages, maximum cyst production, 
percentage cyst germination, and dormancy period of cysts from selected inter- and 
intra-population crosses are shown in Table 7. The time to the appearance of 
clustered groups of gametes (Blackburn et al. 1989) ("dancing groups", von Stosch 
1973) varied. Tas. X Tas. and Tas. X Spa. exhibited gamete groups when first 
checked at 2 days after crossing, whereas in Spa. X Jap. and Jap. X Tas. crosses, 
gametes were not observed until day 4. Resting cyst formation began 2 to 4 days 
after gamete formation in all cases. Despite these crosses being the best available for 
cyst formation, there was variable cyst formation between crosses; Tas. X Tas. and 
Spa. X Tas. crosses formed considerably more cysts than the Spa. X Jap. and Jap. X 
Tas. 

The standard and median dormancy periods (defined earlier) varied considerably, 
between inter-population crosses. The standard dormancy of 37.5 days for Jap. X 
Tas. was over twice as long as that for Spa. X Jap. (15 days) and considerably longer 
than the 20.5 days for Spa. X Tas. and 25 days for Tas. X Tas. These differences 
were significant (ANOVA, p = 0.006). The time-course of cyst germination for the 
inter-population and Tasmanian intra-population crosses also varied (Figure 1). 
Estimated median dormancies were much longer in Jap. X Tas. crosses (80 days) 
and, when the experiment terminated at 84 days, only 60% of cysts had germinated. 
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The final germination percentage may have approached 100% after termination of 
the experiment. Median dormancies were considerably shorter in Jap. X Spa. (38 
days); Spa. X Tas. (36 days), and Tas. X Tas. (48 days) crosses. At 84 days, more 
than 80% of cysts had germinated in these crosses (Table 7). 

Table 7. Development of sexual stages, life-cycle characteristics, cyst germination success, and 
viability of cysts from inter-population crosses ofG. catenatum compared to those from the intra-
population Tasmanian control (Tas. x Tas.). 

Life history trait Tas x Tas. Spa. x Jap. Jap. x Tas. Spa. x Tas. 

Cyst production (cysts I: 1 ) ixio5  1.2X104  7.8X103  1X105  

Gametes' <2 4 4 <2 
Resting cysts' 4 7.5 8 2 
Cyst germination' 29 22.5 45.5 22.5 
Standard Dormancy (see text) 25 15 37.5 20.5 
Median Dormancy 1 . 2  48 38 81 36 

Germination (% in cross) 3  95 100 60 82 
Germination (% in GSe, n=20) 4  95 100 100 93 
Progeny Viability4  65 80 10 5 
(% > 8 cells in fresh GSe) 

Days after inoculation 
2  Median dormancy measure of Binder & Anderson (1988) 
3  Cysts were left within the crossing medium. Experiment was not carried beyond 90 days so final 

germination in Jap. X Tas. cross may have approached 100%. 
4  Cysts were removed from crosses during dormancy period and incubated individually. 

When individual cysts were removed and incubated in fresh media, all inter-
population and Tasmanian intra-population crosses showed high germination 
percentages, ranging from 93% to 100% (Table 7). These differences were not 
significant (2X4 contingency table, Fisher's Exact statistic = 2.17, p = 0.68), 
however, successful germination of a planomeiocyte was followed by variable levels 
post-meiotic viability (Table 7). Tas. X Tas. and Spa. X Jap. progeny exhibited high 
viability, and Jap. X Tas. and Spa. X Tas. showed low viability. Differences 
between inter-population post-meiotic viability and Tas. X Tas. progeny viability 
were highly significant (Fisher's exact statistic = 49.54, p < 0.001). 
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Fig. 1. Germination of Gymnodinium catenatum cysts from 4 selected inter-population 

crosses. 

Days from inoculation 

DISCUSSION 
Mating system 
There have been conflicting opinions on the types and complexity of algal mating 
systems. Based on work with the green alga Chlamydomonas, it has been considered 
that the mating system for microalgae is a simple (+) (—) system (Wiese et al. 1983, 
Goodenough 1985). Similarly, Hoekstra (1987) considered that the cell surface 
recognition characteristic of mating in algae limits the sexes to a (+) (—) system, but 
also noted that incompatibility factors could be superimposed on this system. 
However, evidence also exists for complex multiple group mating systems. Ichimura 
& Kasai (1990), working with the desmid Closterium ehrenbergii, identified "selfing 
minus" clones which formed zygospores with (+) clones, but also with other (—) 
clones or within its own clone (homothallism). Unusual mating responses, including 
strains compatible with both (+) and (—) strains in two different mating groups, have 
also been reported in the desmid species complex Micrasterias thomasiana 
(Blackburn & Tyler 1987). 

Preliminary studies of a few strains of G. catenatum suggested at least a simple 
(+)/(—) heterothallic system, with the progeny of resting cyst germination containing 
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both mating types (Blackburn et al. 1989). However, the present study of 21 isolates 
from four different populations, suggests a multiple group mating system (Dini & 
Nyberg 1993), showing varying levels of compatibility between mating groups. The 
few dinoflagellate mating systems examined in detail exhibit either simple 
homothallism (e.g. Scrippsiella trochoidea, Watanabe et al. 1982) or unipolar 
heterothallism, i.e. a simple binary (+)/(—) mating system (e.g. Alexandrium 
catenella, Yoshimatsu 1981; 1984, A. catenellaltamarense complex, Sakoset al. 
1990). A similar multiple system is described for Alexandrium tamarense by 
Destombe and Cembella (1990) who studied 12 strains from eastern Canada. 

Molecular studies of ribosomal RNA genes indicate that dinoflagellates are allied 
most closely to the apicomplexans and the ciliates, collectively known as the 
alveolates (Cavalier-Smith 1993). It is therefore perhaps not surprising to find that 
dinoflagellates exhibit a similar range of mating systems to protists (e.g. the ciliates) 
in which multiple mating systems are relatively common (Dini & Nyberg 1993). 
Among the ciliates, multiple systems may vary considerably, consisting of numerous 
mating types. For example, over 100 different mating types have been identified for 
ciliate Stylonychia mytilus (Ammermann 1982) and it has also been suggested that 
there is theoretically no limit on the number of mating types in isogamous protists 
(Bell 1982). 

Lack of compatibility of many G. catenatum crosses did not allow identification of 
definitive mating types. However, negative results do not necessarily imply 
incompatibility in crossing studies since undetected environmental factors or long-
term culture history can also affect crossing success. While replicate crosses were 
quite consistent in this study, considerable variation among replicate crosses has 
previously been noted in crossing studies. Gametic recognition and cyst formation 
varied from 10-50% in replicate crosses of A. tamarense strains (Destombe & 
Cembella 1990) and from 50-100% in replicate crosses of A. catenella (Yoshimatsu 
1981). 

Studies of A. tamarense suggested a gradation of strain mating behaviour ranging 
from clear (+)/(—) heterothallism (Destombe & Cembella 1990) to near 
homothallism, also well known in the protozoa (Dini & Nyberg 1993). It has been 
suggested that homothallism was derived from heterothallism in order to circumvent 
problems caused by lack of availability of a compatible mating type (Goodenough 
1985), however, in G. catenatum there is little support for homothallism. The few 
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cysts produced in self-crosses could represent limited inbreeding (e.g. Ichimura & 
Kasai 1990, Kasai 1991), or could equally be due to limited parthenogenesis, 
although this has rarely been observed in dinoflagellates (Pfiester & Anderson 1987). 
The situation in G. catenatum is perhaps more similar to the protozoan Tetrahymena 
which displays a gradation of mating types which confer differential mating 
potentials (Nanney 1980). 

While there is little evidence for homothalllism, it appears that biparental (related) 
mating is possible in G. catenatum. A culture established from a single t yst 
(GCHU05) was able to "self-cross" to produce cysts, which in turn produced viable 
offspring (GCHU09-HU11). However, additional crossing studies indicate that 
cultures established from a single resting cyst are rarely self-compatible, indicating at 
least partial barriers to this form of inbreeding (Bolch & Van Emmerik, unpublished 
data). Studies of genetic variation among a similar group of G. catenatum strains 
demonstrate a high level of molecular diversity (Bolch et al. 1998). The partitioning 
of RAPD genetic variation, primarily within rather than among populations, is 
consistent with a predominantly outbreeding species with low levels of inbreeding by 
self-crossing or biparental mating (Bolch et al. 1999). The GCHUO5 progeny also 
fell within at least 3 mating types in any one combination of mating groups 
suggesting that mating type may be influenced by multiple genetic factors 
segregating at meiosis, similar to some fungal systems (Esser & Raper 1965), rather 
than a single-locus, 2-allele system found in other microalgae like Chlamydomonas 
(Wiese et al. 1983). 

Tiered compatibility: Gametes, cysts, germination, and post-meiotic viability 
Breakdown of interbreeding compatibility can take place at a number of points in the 
reproductive process, and should be taken into account when assessing reproductive 
compatibility. Destombe and Cembella (1990) suggested that the systems of gamete 
recognition, zygote germination and meiosis should be considered distinct 
phenomena. Blackburn and Tyler (1987) proposed a tiered system for interbreeding 
compatibility in the Desmidiaceae, and found distinct differences between the tier, of 
zygote formation and the tiers of Fl viability from backcrosses to the parental 

strains. 

Formation of gametes and cell-cell recognition is clearly necessary for interbreeding 
to occur and represents the first level of compatibility. In an earlier study, strains 
GCDE02 X GCDE07 formed cysts (Blackburn et al. 1989) but only gametes 
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appeared in the present study, suggesting a decrease in compatibility in long term 
culture (Coleman 1975, 1977, Goodenough 1985). Breakdown of interbreeding at 
the gamete fusion stage has been noted for other algae (Proctor 1975, Blackburn & 
Tyler 1987) including other dinoflagellates e.g. Alexandrium excavatum (Destombe 
& Cembella 1990). 

The second level of compatibility, zygote (cyst) formation, has also been used as a 
criterion for interbreeding compatibility (e.g. Sako et al. 1990). While certainly an 
indicator of genetic closeness, it does not necessarily imply compatibility to the level 
of germination or viable progeny. In this study, cyst formation proved to be a useful 
criterion to assess the basic biological integrity of the G. catenatum strains examined 
and variations in mating response among the populations. For example, studies of 
Baltic Sea strains thought to correspond to G. catenaturn due to the microreticulate 
morphology of their cyst, showed that these strains were not capable of cyst 
formation with either Spanish or Australian G. catenatum (Ellegaard & Oshima 
1998). Additional biochemical, molecular, and ultrastructural data have now shown 
that Baltic Sea strains are a distinct but closely related species, Gymnodinium nolleri 
Ellegaard et Moestrup (Ellegaard & Moestrup 1999, Bolch et al. 1999). 

The present study followed selected strains through the third and fourth tier of 
compatibility, successful germination and post-meiotic viability. In previous studies 
of A. tamarense, cyst progeny from self-crosses showed poor viability at the 
planomeiocyte stage and cysts from some crosses seemed incapable of germination 
(Destombe & Cembella 1990). For G. catenatum however, germination of a viable 
planomeiocyte did not result in immediate cell death but equally did not imply 
viability beyond meiosis. Clearly, while resting cyst formation is a valuable criterion, 
more information can be gained by examining viability. The differing patterns of 
activity within interpopulation crosses shows that more useful criteria for assessing 
interbreeding compatibility may be gained by careful documentation of all tiers of 
compatibility including progeny viability. 

One of our original aims, to use interbreeding as a measure of biological species for 
G. catenatum, was hampered by the complex mating system, the potential number of 
false negatives in resting cyst compatibility, and the significant differences between 
success in resting cyst formation, germination, and progeny viability for an 
individual cross. While this variability provides a number of levels at which to 
assess compatibility, carrying out such studies can be a formidable task. It required 
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considerable effort to test compatibility of 21 strains to the level of cyst formation 
(over 500 crosses after replication). To test progeny viability and backcrossing 
success in all crosses would be verging on logistically unfeasible and the present 
study used selected crosses to assess viability. However, reproductive compatibility 
remains a valuable measure of genetic relatedness, and, for G. catenatum, provides 
complementary, and congruent data when compared with biochemical approaches 
such as isozymes (Bolch et al. 1999), toxins (Oshima et al. 1993), and molecular 
genetic analyses (Bolch et al. 1998, 1999). 

Global population relationships 
The interpopulation crossing data is congruent with earlier toxicological and 
molecular genetic studies of strains from the same populations of G. catenatum. All 
studies support a higher level of similarity between Japanese and Spanish 
populations, than between Tasmania and Spain or Tasmania and Japan. Using 
RAPD-PCR, Japanese and Spanish strains were found to be significantly more 
closely related to each other than either population was to Australian strains (Bolch 
et al. 1998, 1999), a finding confirmed here by the high RC p  between Japanese and 
Spanish strains, and the high progeny viability (80%). Similarly, Spanish strains, 
assessed by interbreeding (RC) and RAPD measures, are marginally more closely 
related to Tasmanian strains than Japanese are to Tasmanian strains (Bolch et al. 
1999). The high diversity, and lower overall reproductive incompatibility, for the 
Tas. X Tas. crosses compared with the Jap. X Spa. and Tas. X Spa. crosses, also 
mirrors the higher RAPD genetic diversity found within Tasmanian strains compared 
to Spanish, Portugese and Japanese strains (Bolch et al. 1998, 1999), although this 
may be partially due to the higher number of strains examined. Similarly, 
comparisons of paralytic shellfish toxin (PST) profiles using some of the same 
strains showed that only Tasmanian strains produced 1 .3-deoxydecarbamoyl-
saxitoxin, and while Spanish and Japanese strains produced very similar toxin 
profiles to each other, they were distinguishable from each other by differing ratios 
of sulphocarbamoyl-saxitoxin compounds (Oshima et al. 1993). 

The absence of G. catenatum in the plankton prior to 1980, and the sudden 
appearance of the resting cysts in dated sediment cores from southern Tasmania in 
the early 1970s, provides convincing evidence that this species represents a recent 
introduction. The most probable vectors for dispersal of G. catenatum to Tasmania 
are cargo vessel ballast, or shellfish translocation during the establishment of the 
Pacific oyster in southern Tasmania. The pattern of international shipping into 
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Tasmanian ports prior to 1980 suggest that the most probable donor populations are 
Japan and/or Spain (McMinn et al. 1997). However, molecular, biochemical and 
interbreeding data indicate divergence in mating behaviour resulting in somatic 
incompatibility between these populations and Tasmanian strains. It is difficult to 
judge how quickly these characters might evolve in protists. Breakdown of breeding 
compatibility has been documented in long-term culture (Coleman 1977, 
Goodenough 1985), and minor changes in behaviour were noted in this study when 
comparing earlier work (Blackburn et al. 1989) despite only several years of 
laboratory culture for most strains, indicating that such divergences might 
accumulate relatively rapidly. Mating-type divergence by random drift and/or 
environmental selection might then be sufficient to cause breakdown in meiotic 
success. 

An alternate explanation of the present data is that we may have not yet examined the 
true source population for Tasmanian G. catenatum. Other possible source 
populations include those in southern and northern America (Uruguay, Venezuela 
and Mexico), north African populations in Morocco, or more likely other Asian 
populations in Korea or China (Hong Kong). It is also possible that, as a 
predominantly ballast receiving country, recurrent introductions may have resulted in 
Tasmanian G. catenatum being established from two or more overseas sources 
exhibiting only partial mating compatibility. Assuming some level of mating success 
which resulted in the integration of mating group alleles into the Tasmanian 
population by genetic recombination, this could explain increased mating-type (this 
study) and RAPD genetic diversity (Bolch et al. 1999), and the lower post-meiotic 
viability of the Tasmanian crosses examined. 

The question of Tasmanian G. catenatum origins aside, the high level of 
toxicological (Oshima et al. 1993), genetic (Bolch et al. 1998, 1999) and mating 
similarity between Japanese and Spanish populations is perhaps more perplexing. 
Despite comprehensive plankton surveys in northwestern Spain, G. catenatum had 
never been recorded prior to its sudden appearance in the mid 1970s (Hallegraeff* 
Fraga 1998). Two hypotheses have been put forward to explain the sudden 
appearance of Spanish and Portuguese populations. Firstly, a potential trans-Atlantic 
introduction from South American populations (Mar del Plata, Argentina and 
Uruguay) via the Spanish distant-water fishing fleet which began operations in 
Argentina in 1976 (Wyatt 1992). Secondly, a natural dispersal from Atlantic northern 
African G. catenatum populations discovered in Morocco in 1993, postulated to have 
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existed since at least the early seventies (deduced from earliest F'SP reports in the 
area, Tagmouti et al. 1995). The current seasonal blooms of G. catenatum along the 
Iberian Atlantic coast are thought to develop in offshore waters of southern Portugal 
and move north to the Galician Rias where upwelling relaxation moves these blooms 
inshore (Hallegraeff & Fraga 1998). Inshore Moroccan waters may then have acted 
as a long-term refuge for G. catenatum and the 1976 appearance in north-west Spain 
could have been an exceptional northward range extension, establishing populations 
on the coasts of Portugal and NW Spain. Sediment core dating studies have not yet 
been undertaken in Spanish Rias, and we cannot discount the possibility that G. 
catenatum has always been present there. However, it is difficult to imagine a 
palaeogeographic dispersal sequence which could account for higher similarity 
between Spanish and Japanese populations, than Japan and Tasmania. The data 
presented here suggest a much more recent dispersal between these two populations, 
representing a possible introduction, either from Japan to Spain or the reverse. 

CONCLUSIONS 
Using reproductive compatibility we have demonstrated variation in interbreeding 
success both within and between strains from different global populations of G. 
catenatum. Differences in the degree of the reproductive compatibility discriminate 
population relationships and reinforce previous studies on these dinoflagellate 
populations. The data do not clearly implicate either Japan or Spain as a probable 
source population for Tasmanian G. catenatum, but paradoxically suggest a close 
relationship between Japanese and Spanish populations. Continued mating and 
molecular studies with additional populations, such as those from Uruguay, China, 
Morocco, and Mexico, offer promise of unravelling the global dispersal and 
biogeography of this distinctive chain-forming dinoflagellate. 
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ABSTRACT 
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 species may have been introduced to Tasmania 
prior to 1973, possibly in cargo vessel ballast water carried from populations in 
Japan or Spain, followed by recent dispersal to mainland Australia. In order to 
examine this hypothesis, cultured strains from G. catenatum populations in — 
Australia, Spain, Portugal, and Japan were examined using allozymes and randomly 
amplified polymorphic DNA (RAPD). Allozyme screening detected very limited 
polymorphism and were not useful for population comparisons, however, 
Australian, Spanish, Portuguese and Japanese strains showed considerable RAPD 
diversity with all strains examined representing unique genotypes. Multi-dimensional 
scaling analysis (MDS) of RAPD genetic distances between strains showed clear 
separation of strains into three, non-overlapping regional clusters: Australia, Japan 
and Spain/Portugal. Analysis of genetic distances between strains from the three 
regional populations indicated that Australian strains were almost equally related to 
both the Spanish/Portuguese population and the Japanese population. Analysis of 
molecular variance (AMOVA) found that genetic variation was partitioned primarily 
within populations (87%) compared to the variation between the regions (8%), and 
between populations within regions (5%). The potential source population for 
Tasmania's introduced G. catenatum remains equivocal, however, strains from the 
recently discovered mainland Australian population (Port Lincoln, South Australia, 
1996) clustered with Tasmanian strains, supporting the notion of secondary 
relocation of Tasmanian G. catenatum populations to the mainland via a shipping 
vector. Geographic and temporal clustering of strains was evident among the 
Tasmanian strains, indicating that genetic exchange between neighbouring estuaries 
is limited and that Tasmanian G. catenatum blooms are composed of localised, 
estuary bound sub-populations. 

INTRODUCTION 
The known global distribution of the chain-fointing, toxic dinoflagellate 
Gymnodinium catenatum Graham has increased rapidly over the last decade. First 
described from the Gulf of California in 1943 (Graham 1943), it was subsequently 
reported from Argentina in 1961 (Balech 1964), and Japan in 1967 (Hada 1967, as 
Gymnodinium sp. A3). Gymnodinium catenatum was first linked with paralytic 
shellfish poisoning (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 
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(Estrada et al. 1984). Further PSP episodes in Tasmania in 1986 (Hallegraeff et al. 
1989), Portugal (Franca & Almeida 1989), Japan (Ikeda et al. 1989), and Venezuela 
(La Barbera-Sanchez et al. 1993) have now been clearly attributed to G. catenatum. 
This dramatic increase in global distribution may be the result of increased 
recognition of a cryptic species present as part of the "hidden-flora", but may also 
represent recent dispersal to new areas (Hallegraeff 1993). 

In Australia, Gymnodinium catenatum was first recognised in 1986 in south-eastern 
Tasmania, where it was responsible for the first definitive Australian cases of 
human PSP intoxication and the closure of commercial shellfish farms (Hallegraeff 
& Sumner 1986). Recurrent blooms have since caused regular farm closures for 
periods of up to 6 months (Hallegraeff et al. 1989, Hallegraeff et al. 1995). 
Examination of historical plankton samples have indicated that G. catenatum 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). This core data, 
combined with the unusual disjunct global distribution of G. catenatum during the 
1980s, led to the hypothesis that this species was introduced to Tasmania prior to 
1972 (McMinn et al. 1997, Hallegraeff & Fraga 1998). 

Two potential introduction vectors have been proposed: via ship's ballast water 
discharges from populations in Japan/Korea (woodchip carriers visiting Triabunna, 
Eastern Tasmania, since 1971) or from Spain/Portugal (fruit export vessels visiting 
the Huon Estuary during the 1960s); or associated with the introduction of the 
Pacific oyster from Japan into Pittwater, 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, 
which confirmed that 5-6% of all ships contained viable toxic dinoflagellate cysts of 
both Alexandrium spp. and G. catenatum (Hallegraeff & Bolch 1992). Despite the 
strong circumstantial evidence of introduction, the probable source population for 
Tasmanian G. catenatum remains unclear. 

Molecular genetic methods which can discriminate between strains of G. catenatum 
may provide additional data to further support or refute the recent Australian 
introduction hypothesis and assist in tracing the global dispersal of this species. In 
addition, molecular methods can provide a useful insight into the level of genetic 
diversity, level of population clonality, and the genetic structure of populations of 
coastal dinoflagellates. 
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There have been very few genetic studies of phytoplankton at the population level 
(e.g. Gallagher 1980, the diatom Skeletonema costatum; Medlin et al. 1996, the 
coccolithophorid Erniliania huxleyi), and even fewer examining marine 
dinoflagellates. To date, studies have focussed on regional and inter-continental 
variation. The comparison of ribosomal RNA gene sequences (rDNA) of 
dinoflagellates has been successful in discriminating geographic groups of 
Alexandrium tamarense and A. catenella (e.g. Scholin et al. 1995, Adachi era/. 
1994, 1996) 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 between strains of G. 
catenatum from Tasmania and three other likely source populations, Japan, Spain 
and Portugal. In addition, we examine genetic variation within and between estuarine 
Tasmanian populations isolated during the previous decade to aid understanding of 
the population structure and dynamics of this economically important toxic 
dinoflagellate. 

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 micro-pipette from plankton samples or from germinated 
cysts isolated from sediment samples collected from several locations in south 
eastern Tasmanian and mainland Australian 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 kg -1  salinity) (Blackburn et al. 1989) in 

50 mL Erlenmeyer flasks, at 17°C and 80 gmol PAR m -2  sec-1  and 12:12 light:dark 
cycle. The two gymnodinoid species with similar morphological features, 
Gyrodinium uncatenum Hulbert and Gyrodinium impudicum Fraga (e.g. similar 
apical groove type, chain-forming habit in G. impudicum), were included in the 
analyses for comparative purposes. 
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Table 1. Isolation details of cultured dinoflagellate strains used for allozyme and RAPD-PCR 
analysis. ND refers to cultures where clonality of the culture is not clearly established. 

Strain 	Date 
name 	collected 

Source Isolator Clonal AllozymeRAPD 

G. catenatum 
Australia 

DE02 	23.1.86 Derwent Estuary S. Blackburn 
DE05 	8.1.87 Derwent Estuary S. Blackburn 
DE06 	8.1.87 Derwent Estuary S. Blackburn 
DE08 	15.6.87 Derwent Estuary S. Blackburn 
DE09 	15.6.87 Derwent Estuary S. Blackburn 
DE9301 	15.5.93 Derwent Estuary H. Ling 
DE9302 	15.5.93 Derwent Estuary H. Ling 
DE9303 	15.5.93 Derwent Estuary H. Ling 
DE9304 	15.5.93 Derwent Estuary H. Ling 
DE9305 	15.5.93 Derwent Estuary H. Ling 
HAO1 	29.6.90 Hastings Bay C. Bolch/ ND 

S. Blackburn 
HAO2 	29.6.90 Hastings Bay C. Bolch/ ND 

S. Blackburn 
HUO2 	6.6.86 Deep Bay, Huon Estuary S. Blackburn 
HUO7 	15.6.87 Deep Bay, Huon Estuary S. Blackburn 
HUO8 	15.6.87 Deep Bay, Huon Estuary S. Blackburn 
HUO9 	15.6.87 Deep Bay, Huon Estuary S. Blackburn 
HUll 	20.6.88 Deep Bay, Huon Estuary S. Blackburn 
HU15 	5.4.90 Purcell's Bay, Huon Estuary S. Blackburn 
HU16 	7.4.90 Purcell's Bay, Huon Estuary S. Blackburn 
HU20 	4.4.90 Killala Bay, Huon Estuary S. Blackburn 
PTL01-4 	17.4.96 Boston Bay, Pt Lincoln, 

SA 
C. Bolch 

PTL02 	17.4.96 Boston Bay, Pt Lincoln, 
SA 

C. Bolch 

TRA06 	5.3.93 Spring Bay, Triabunna M. Ellegaard 
TRA14 	5.3.93 

Japan, Spain and Port 
Spring Bay, Triabunna 

ugal 
M. Ellegaard 

JP01 	4.9.85 Harimanada, Japan S. Yoshimatsu ND 
JP03 	1995 Harimanada, Japan S. Yoshimatsu/ + 

C. Bolch 
JP 10 	1986 Senzaki Bay, Japan T. Ikeda 
SNZO1 	1990 Senzalci Bay, Japan Y. Oshima 
SPO1 	5.11.85 Ria de Vigo, Spain I. Bravo - 
SPO3 	5.11.85 Ria de Vigo, Spain I. Bravo/ 

S. Blackburn 
SPO4 	5.11.85 Ria de Vigo, Spain I. Bravo/ 

S. Blackburn 
SPO9 	5.11.85 Ria de Vigo, Spain I. Bravo/ 

S. Blackburn 
PTO 1 	1986 Figueira da Foz, Portugal E.S. Silva/ S. 

Franca 
PT02 	8.89 Aguda, Portugal S. Franca 
PT03 	8.89 Aguda, Portugal M. Sampayo/ 

S. Franca 
Other species 
Gyrodinium uncatenum Bathurst Harbour, Tas. S. Blackburn 
CS289 	1988 
Gyrodinium impudicum Cowans Creek, Hawkesbury C. Bolch 
C5-3 	15.6.96 Estuary, NSW. 
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Allozymes 
Cultures of selected G. catenatum strains (Table 1) were grown to late-logarithmic 
phase, and 100 mL harvested by centrifugation, washed in Tris-HC1 buffer (pH 8.0) 
and the cell mass sonicated on ice twice for 10 seconds. 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 resolved, and were not examined further: Amino 
peptidase (Leu-Gly-Gly substrate, PEP 1), Amino peptidase (Leu-Tyr substrate, 
PEP2), Glycerol-3-phosphate dehydrogenase (G3PDH), Fumarate hydratase (FH), 
Isocitrate dehydrogenase (IDH), Malic enzyme (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 acetate 

substrate, ESTD), Glucose-6-phosphate dehydrogenase (G6PDH), Glucose 
phosphate isomerase (GPI), Lactate dehydrogenase (LDH), Malate dehydrogenase 
(MDH), Phosphoglucomutase (PGM), 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 centrifugation at 2000 g for 5 min. Growth media was decanted 
and the cells resuspended in 400 piL of sterile distilled water to lyse the cells. The 
lysate was transferred to a 1.5 mL centrifuge tube and 50 piL of 10% SDS added, 
gently mixed by pipette, and then 50 pL of 100 rriM STE Buffer (100 mM Tris, 100 
nriM EDTA, 100 mM NaC1, pH 8.0) added (Scholin and Anderson 1994). Cell 
lysates were extracted twice with 500RL of Tris-buffered phenol:chloroform: 
isoamyl alchohol (25:24:1) and once with 5004 of chloroform:isoamyl alchohol 
(24:1). DNA was precipitated by the addition of 1/10 vol. of 3M sodium acetate (pH 
5.0), and two vol. of cold ethanol. DNA was pelleted by centrifugation, air-dried, 
re-dissolved in 200 !IL of TE Buffer and re-precipitated by addition of 200 pt of 
NaC1-1.6M NaC1, 13% (w/v) polyethylene-glycol 8000 (PEG). PEG-precipitated 
DNA was re-pelleted by centrifugation, washed with 70% ethanol, and dried and 
resuspended in 200 !IL of distilled water. Co-extracted polysachaffides were 
removed by precipitation in the presence of 2M NaCl (Fang et al. 1992). Extracts 
were stored at -20°C until used for PCR. 
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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 ptL-1  (by gel standard comparison) for 
RAPD analyses. Initial screening for suitable primers were carried out using strains 
JP01, HU15, DE9305 and SPO4. A total of 160 random 10-mer primers (sets OPB, 
G, H, I, J, K, P, and Q; Operon Technologies, Almeida, CA, USA) were screened. 
Primers producing clear, reproducible, polymorphic banding patterns were -used for 
subsequent analyses. Replicate reactions of various primer/strain combinations were 
carried out to assess the reproducibility of RAPD patterns geneiated. PCR 
amplifications were carried out in 204 volumes using thin-walled 200 [IL reaction 
tubes (Quantum Specialised Plastics, Brisbane, Australia). Reactions contained 25 
ng of genomic DNA, 0.5 U of Taq DNA polymerase (Advanced Biotechnologies, 
Surrey, UK), 3.0 mM MgC12, 200 11M of each dNTP (Prornega), 3 1.iL of bovine 

serum albumin (lmg mL-1 , Boeringer-Mannheim) and 0.5 jiM of primer using PCR 
buffer IV (Advanced Biotechnologies, 200 mM (NH4)2SO4, 750 mM Tris-HC1 (pH 

9.0), 0.1% Tween). 

Amplifications were performed in a Perkin Elmer/Cetus GeneAmp 9600 
thermocycler using the fastest possible transition times as follows: 2 mm 94°C 
denaturation, followed by 40 cycles of 94°C for 10 s, 40°C for 50 s, and 72°C for 2 
mm, and a final extension step of 8 mm. The entire 20 !IL volume was loaded and 
electrophoresed for 1200 v h through 1.5% agarose (Molecular Biology Grade, 

Promega, USA) dissolved in 1 X TBE buffer containing 0.2 jig mL -1  of ethidium 
bromide. Gels were illuminated with UV light and photographed with Polaroid 665 
positive/negative instant film. 

Data analysis 
All strains were scored for the presence (scored as 1) or absence (scored as 0) of co-
migrating RAPD-bands to produce a binary matrix of bands for each primer. All 
visible bands were scored between 2000 bp and 250 bp. Band frequencies among, 
the strains examined were calculated and those present among G. catenatum strains at 
a frequency (F) <0.10 (effectively present in 3 G. catenatum strains or less) were 
considered to be unreliable markers and excluded from the analyses. Primer matrices 
were combined and a pairwise euclidean distance matrix calculated using the 
SYSTAT® Ver. 5.1 statistical software package. 

The distance matrix was subjected to multi-dimensional scaling (MDS) analysis 
(Kruskal 1964) in two dimensions using SYSTAT®, with the two outgroup species 
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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, providing 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. 

To examine the subdivision and patterns of genetic variance within and between the 
sample populations, Analysis of Molecular Variance (AMOVA) was carried out 
(AMOVA Ver. 1.55, Excoffier et al. 1992) according to the procedure for RAPD 
data described by Huff et al. (1993). The test statistic FsT is analagous to Wright's 
FsT (Wright 1951). Strains were grouped according to their isolation location, then 
into three regional groups; regions were Australia, Japan and Spain/Portugal. 
Australian strains were sub-divided 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 ungrouped population samples were calculated. Population 
differentiation significance levels were obtained by non-parametric permutation using 
9999 iterations (max. allowable using AMOVA version 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 eleven enzymes which 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. catenatum spanned 4 Japanese blooms from two sites, 1 
Portuguese bloom, 1 Spanish bloom, 1 Port Lincoln bloom and 8 Tasmanian blooms 
from 4 collection sites, between January 1986 to May 1996. These strains therefore 
represent a highly diverse sample. 

The 11 primers used in this study amplified a total of 375 scorable bands. Primers 
produced, on average, 34 distinct bands per primer, ranging between 3 and 15 bands 
per strain. RAPD-PCR reactions were generally found to be highly reproducible, 



142 

showing essentially the same banding pattern in repeated amplifications. Some 
primers showed variation in faint scored bands; resulting in an average euclidean 
distance of D=0.108 between replicate amplifications. The diversity of RAPD 
banding patterns was high, with more than 95% of bands considered polymorphic at 
F<0.95 (Table 2). The primers used were able to distinguish all strains examined, 
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 excess of 0.484. Outgroup species accounted for 
5.8% of unique bands, which rose to 7.8% after low frequency (F<0.10) bands 
were removed from the data matrix. 

Table 2. Random primers used and polymorphic bands scored for G. catenatum strains. *Bands 
excluded from MDS and AMOVA analyses. F= frequency of band presence. 

Primer Total Bands 
(Nt) 

Polymorphic bands (N p ) Bands 
unique to 
outgroups 

F>0.95 0.95<F>0.50 0.10>F<0.50 0.10<F>0.0* 
OPB-20 41 0 7 15 14 5 
OPG-02 23 2 9 7 5 0 
OPG-04 37 5 7 11 9 5 
OPG-06 36 0 4 18 14 0 
OPG-15 36 0 15 14 7 0 
OPG-19 33 3 5 15 7 3 
OPI-04 34 0 10 12 10 2 
OPI-09 34 1 6 19 7 1 
OPJ-04 34 3 10 11 8 2 
OPQ-03 33 0 12 13 7 1 
OPQ-10 34 2 8 13 8 3 

Total 375 16 93 148 96 22 

Average euclidean distances between G. catenatum and the two outgroup species 
were higher than that found among G. catenatum strains (Table 3). Average 
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 inter-population distance between Japan and 
Spain/Portugal. The Spain/Portugal and Japanese populations were closer to each 
other (D=0.5327) than to the Australian population (I;■ 0.5932). Strains from the 
Australian region were slightly more similar to Spain/Portugal than to Japan and 
exhibited a higher average distance between strains. Average distances between 
strains from within Australian populations were, on average, less than those between 
strains from different Australian populations. 
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Table 3. Average genetic distance (euclidean) within and between species and populations 
examined using RAPD-PCR. Spanish and Portuguese strains grouped for regional comparison. 

Species/Population (N) Euclidean Distance 

Average 	St. 	Dev. 

Between species 
G. catenatum - G. impudicum 
G. catenatum - G. uncatenum 
G. uncatenum - G. impudicum 

29 
29 

1 

0.6951 
0.6886 
0.6450 

0.023.4 
0.0245 

Within Gymnodinium 	catenatum 465 0.5817 0:0435 
Between regions 

Japan - Australia 88 0.5952 0.0312 
Spain/Portugal - Australia 110 0.5932 0.0302 
Japan - Spain/Portugal 20 0.5327 0.0526 

Within regional populations 
Australia 231 0.5840 0.0336 
Japan 6 0.4587 0.0699 
Spain/Portugal 10 0.4572 0.0593 

Between Australian populations 
Huon/Hastings - Derwent 81 0.5902 0.0362 . 

Within Australian populations 
Derwent 36 0.5686 0.0461 
Huon/Hastings 36 0.5695 0.0259 

Analysis of Molecular Variance 
The results of the AMOVA analysis are presented in Table 4. The nested AMOVA 
analysis showed that most variation was found within populations (87%). Genetic 
variation attributable to between region differences accounted for 8% of the variation 
compared to 5% between populations within the regions (Table 4). 

For the pairwise comparison of population differentiation (measured by FsT), a P-
value less than 0.01 was considered a statistically significant value. When AMOVA 
was carried out with all populations considered separately, including separation of 
the Derwent 1987 and 1993 collections, the Spanish and Portuguese strains were 
significantly different from each other (FsT =0.1507, P<0.001). However, these two 
population samples were not significantly different from the Japanese population 
(FsT =0.1548, FsT =0.1996; P ?_0.026). Within Australian population samples, the 
Derwent 1987 and 1993 samples showed significant differentiation from each other 
(FsT =0.0845, P<0.001), and were each significantly different from the Huon 
Estuary population (FsT = 0.0562, P=0.0034; FsT =0.0560, P<0.001 respectively). 
The Triabunna and Port Lincoln samples were significantly differentiated from each 
other (FsT=0.0959, P<0.001) but not from either the Huon or Derwent samples (P 

?..0.0479). When all Derwent strains were grouped as a single population sample, 
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they remained significantly differentiated from the Huon sample (FsT =0.0359, 
P=0.0018). When genetic differentiation was considered at a regional level, 
Australian strains were significantly differentiated from both Japanese (FsT =0.0962, 
P<0.001) and Spanish/Portuguese strains (Fgr =0.0997, P<0.001), however, 
differentiation between Japan and Spain/Portugal regions was not significant (FsT 
=0.1404, P =0.0122). 

Table 4. Results of analysis of molecular variance (AMOVA). The three regions considered were 
Australia, Japan, and Spain/Portugal. Australian populations were defined as described in the 
materials and methods. 

Variance Component 
	 Variance 	Proportion of total 

value 	variance (%)  

Nested AMOVA Analysis  
Between Regions 	 0.0238 

	
7.8 

Between Populations, within Regions 	 0.0156 
	

5.1 
Within Populations 	 0.2669 

	
87.1 

Analysis Among Populations 
Between populations 	 0.0292 

	
9.9 

Within populations 	 0.2669 
	

90.1 

Analysis Among Regions 
Between Regions 	 0.0312 

	
10.2 

Within Regions 	 0.2762 
	

89.8 

Multi-dimensional scaling analysis 
The 2-dimensional MDS analysis, with the two outgroup species included, clearly 
resolved both the comparison species (Gyrodinium impudicum and Gyrodinium 
uncatenum) from Gymnodinium catenatum strains on the horizontal axis (Fig. 2). 
The final "Kruskal stress" of the plot was 0.249, considered to be a "fair" fit to the 
distance matrix by the criteria of Kruskal (1964). Within the cluster, the Japanese, 
Spanish and Portuguese strains were clearly separated 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. 
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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. impudicum (outgroup species). G. catenatum clusters (bounded by solid lines): 
Derwent Estuary, Huon Estuary and Hastings Bay (DE/HU), Triabunna (IRA), Japan (JP), Spain 
(SP) and Portugal (PT). Krushkal stress = 0.249. 
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Three-dimensional MDS analysis, with G. catenatum strains only, provided a 
superior correspondence of the MDS analysis (Kruskal stress = 0.193) to the 
euclidean distance matrix (Figs. 3a, 3b). Non-Australian strains were clearly 
separated in dimension 1 and 2 (Fig. 3a), and further resolved into Spanish, 
Portuguese, and Japanese clusters in dimension 3 (Fig. 3b). Within the Australian 
strains, Triabunna strains were again clearly displaced in dimension 1 and 2. Port 
Lincoln (PTL) strains did not cluster closely together but fell within the Tasmanian, 
cluster of strains. Tasmanian strains formed two discrete, non-overlapping clusters 
in dimensions 1 and 2 (Fig. 3a). One cluster composed of the Derwent Estuary 
strains, and another group of the Huon Estuary and Hastings Bay strains. Dimension 
3 resolved two clusters within the Derwent group; a cluster of strains isolated in 
1987, which was clearly separated from a cluster of five strains isolated in 1993 
(Fig. 3b). 
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DISCUSSION 
Interspecific RAPD variation 
One of the traditional drawbacks of using RAPD markers in population genetics is 
that they represent dominant markers; i.e. heterozygotes are masked by the dominant 
amplified (present) allele (Williams et al. 1993). While this presents difficulties in 
diploid organisms, in haploid plankton dinoflagellates, like G. catenatum, 
heterozygotes do not exist. In haploid systems, RAPD loci are thought to be; bi-
allelic (present or absent) loci and genetic diversity can be assessed directly from the 
presence/absence of RAPD bands (Lynch & Milligan 1994). 

The present study is one of the first to examine genetic variability within a 
dinoflagellate species using RAPD markers, despite their clear suitability in haploid 
micro-algae. The higher genetic similarities within species and populations compared 
to that between species, indicates 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 sequences of 
the LSU rDNA of G. catenatum and G. impudicum, which indicated extensive 
divergence of these two species despite their morphological similarity (Costas et al. 
1995, Zardoya et al. 1995). 

While RAPD clearly resolved the three species in this study, assessment of the 
phylogenetic relationships in this group using RAPD should be interpreted with 
some caution. The gymnodinoid dinoflagellates represent a morphologically and 
phylogenetically diverse collection of protistan lineages (Saunders et al. 1997), 
increasing the likelihood of scoring non-homologous co-migrating RAPD-bands, 
which may result 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, rDNA sequence variation), RAPD provides useful genetic markers 
for resolving closely related species and species complexes. 

Intraspecific variation in G. catenatum 
The level of RAPD diversity found between G. catenatum strains, as measured by 
average simple matching (SM coefficient, Gower 1972) rather than euclidean 
distance, is within the ranges found for many outcrossing higher plant species. 



Figs. 3a, b. Three-dimensional MDS analysis of RAPD data from G. catenatum strains, not 
including the two outgroup species. Krushkal stress = 0.193. 
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Fig. 3a. 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. 
Fig. 3b. Plot of the first and third dimension of the three-dimensional MDS analysis of G. 
catenatum strains. G. catenatum 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 Australia strains 
(PTL) marked by strain number. 
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For example, average SM coefficients between G. catenatum strains (population 
averages = 0.718 - 0.800; see Bolch et al. 1998) were larger than those found 
between two races of the common bean, Phaseolus vulgaris (average = 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 = 0.802), and those of 
unrelated individuals of E. globulus (average = 0.745) (Nesbitt et al. 1997): 

From the AMOVA analysis, the majority of RAPD variation in G. catenatum is 
found within populations rather than between populations or regions. There is no 
comparative data available for other phytoplankton 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 
(Buchloe dactyloides) exhibit from 70% to 81% of variation within regions (Huff et 
al. 1993), and Eucalyptus globulus populations in southern Australia exhibit from 
74% to 95% (average = 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. Hordeum spontaneum, 43% within population 
variation; Dawson et al. 1993). The proportion of RAPD variation within 
populations of G. catenatum (87%, Table 4) suggest that this species is essentially an 
outbreeding species with a low level of self-crossing or bi-parental (related) mating. 
This is supported by inter-breeding analysis using clonal strains, which indicate that 
the mating system of G. catenatum is a complex, multi-group, outbreeding system 
(Chapter 7, Blackburn et al. 1999). 

The higher level of RAPD-diversity within Australian strains of G. catenatum strains 
compared to both the Spanish/Portuguese and the Japanese strains (Table 3) may be 
partially attributed to the considerably higher number of Australian strains compared 
with the other sample populations. However, a previous RAPD-PCR study of eight 
G. catenatum strains from the same regions also found a higher diversity of RAPD 
banding patterns among four Tasmanian strains, compared to more conservative 
patterns for the 4 Japanese, Spanish and Portuguese strains (Adachi et al. 1997). 
These data, and the present analysis, strongly suggest that the Japanese and 
Spanish/Portuguese population are more similar to each other (marginally 
differentiated, P=0.0122) than either population is to Australian strains (P<0.001). 

Global population variation and dispersal hypotheses 
Earlier genetic studies of several dinoflagellates using allozyme electrophoresis have 
shown considerable genetic heterogeneity among strains of dinoflagellate 
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morphospecies (e.g. Alexandrium spp., Cembella & Taylor 1985, Cembella et al. 
1988, Hayhome et al. 1989, Sako et al. 1990; Heterocapsa spp., Watson & Loeblich 
1983; Peridinium volzii, Hayhome 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 catenellaltamarense 
complex exhibits extensive rDNA gene and ITS sequence divergence between 
different global populations which is thought to represent population divergence 
times approaching millions of years (Adachi et al. 1996, Scholin et al. 1995). 
Genetic variation in rDNA genes has also been reported both within and between 
Atlantic and Pacific ocean strains of Gambierdiscus toxicus (Babinchak et al. 1996), 
indicating that genetic isolation and differentiation of dinoflagellate populations on a 
global scale may be a common feature of many dinoflagellate species. 

In contrast, Ellegaard and Oshima (1998) showed no allozyme variation between 
strains of G. catenatum 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 non-existent. Single 
base inserts, 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, Portuguese 
and Australian strains, but the authors considered it insignificant (Adachi et al. 
1997). These sequence variations could not be detected by sequence analysis, nor 
could they confirmed by restriction enzyme analysis of ITS fragments using enzymes 
which 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 may 
display little allozyme or rDNA variation and that the level of variation within other 
species examined so far may then represent unresolved species or species complexes 
(e.g. Alexandrium catenella/tamarense, Scholin et al. 1994, 1995). Alternately, the 
distinct global populations of G. catenatum may not have had sufficient time to 
accumulate detectable mutations at the rDNA locus, supporting the hypothesis of 
recent dispersal of G. catenatum to many areas from a genetically homogenous single 
source population. This interpretation is consistent with the absence of fossilized 
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 bottlenecks during introduction and establishment, which is often called 
"the founder effect" (e.g. the Pacific Seastar Asterias amurensis to south east 
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Tasmania; Ward & Andrew 1995). Assuming G. catenatum was introduced to 
Tasmanian waters, then Tasmanian G. catenatum strains have no detectable loss of 
diversity as a result of introduction. There are several factors which decrease the 
likelihood of loss of diversity in G. catenatum. Firstly, the most likely introduction 
vector, bulk carrier ballast water, has already been demonstrated to occasionally 
harbour extremely high numbers (up to 300 million in one tank) of viable 
dinoflagellate cysts (Hallegraeff & Bolch 1992). Therefore, there is a strong' 
probability of a large inoculum population. Secondly, G. catenatum demonstrates a 
wide temperature tolerance, forming blooms in periods when surface wafer 
temperatures range from 12°C to 20°C. In southern Tasmanian waters, surface water 
temperatures are within this range much of the year, only dropping significantly 
below 12°C during a few winter months (Hallegraeff et al. 1989, 1995). Cysts 
discharged into favourable growth conditions could undergo rapid population 
expansion, suffer no severe genetic bottleneck, and maintain a high level of genetic 
diversity during establishment. 

Comparative studies of strains from the same populations examined here indicate that 
strains from each of the four populations are sexually compatible to the point of cyst 
formation (Ellegaard & Oshima 1998, Oshima et al. 1993b). However, progeny of 
some Spain/Tasmania crosses exhibit low long-term viability compared to other 
intra- and inter-population progeny (Chapter 7, Blackburn et al. 1999). Comparison 
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 
(Oshima 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 Japanese strains appear more closely related to each other than to 
Australian strains. 

The separate regional clustering from the RAPD analysis, and other supporting data, 
does not disprove the hypothesis of recent introduction. However, it does question 
the proposed Japanese or Spanish origin of Tasmanian G. catenatum populations. 
All three regions are extremely similar, as evidenced by the lack of fixed RAPD-band 
differences. The biogeographical significance of the discrete nature of the regions is 
difficult to ascertain, however, several scenarios could explain the pattern of genetic 
relationships. Australian strains may have originated from an as yet unsampled 
overseas region, a hypothesis that can only be rigorously tested by including 
representatives of a number of other regions such as those in the Gulf of California, 
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Argentina and Uruguay, Korea, China, or tropical populations from western India or 
the Philippines. Alternately, Tasmanian populations may have undergone genetic 
drift after introduction, or experienced selective pressure imposed by a new 
environment, accounting for the divergence from the possible donor populations 
examined here. For instance, the woodchip 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 Triabunria continues 
to receive ballast water from ports known to harbour G. catenatum. The 
displacement of Triabunna strains may, therefore, be the result of repeated seeding 
of the Triabunna population with overseas G. catenatum genetic material which is 
integrated via recombination during sexual reproduction. This process could continue 
to "push" the process of genetic drift toward those of the donor populations. 
Analysis of additional strains from Triabunna are planned to aid the interpretation of 
relationships between this population and potential overseas donor populations. 

Until 1993, the Australian distribution of G. catenatum was restricted to south-
eastern Tasmania (Bolch & Hallegraeff 1990). Plankton cells and cysts were 
recorded in May 1993 from southern Victorian waters (Sonneman & Hill 1997) and, 
more recently, from Port Lincoln, South Australia in April 1996 (Bolch et al. 1998). 
The position of the two Port Lincoln strains within the Tasmanian cluster is 
consistent with the hypothesis of a recent dispersal from Tasmania to mainland 
Australia. 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 may have been the original 
source. Analysis of resting cysts in dated sediment cores from Port Lincoln, and 
analysis of RAPD and toxin profiles of additional strains from mainland Australian 
and other global populations is in progress to fully resolve these issues. 

Genetic variation and bloom populations 
The present study demonstrates that G. catenatum is not a globally distributed clone, 
but possesses a high level of genetic variation at RAPD-loci. Like most planktonic 
dinoflagellates, the primary mode of reproduction of haploid vegetative cells of G. 
catenatum in the water column is thought to be asexual, leading to populations 
consisting of a series of clones. A sexual life-cycle has been described for G. 
catenatum which appears to be primarily triggered by nitrate and/or phosphate 
limitation in laboratory culture, resulting in a zygotic resting cyst (Blackburn et al. 
1989). Despite the apparent predominance of asexual reproduction, this study found 
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all strains examined to be genetically distinct, even among those isolated from the 
same field sample at the peak of a prolonged bloom (strains DE9301, 02, 03, 04, 
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 bottle casts. This diversity was interpreted either 
as a high mutation rate of RAPD-loci in E. huxleyi, or more plausibly, evidence of 
sexual recombination within the population (Medlin et al. 1996). 

While the observed diversity in a predominantly asexual reproducing organism 
seems counter-intuitive, it suggests that G. catenatum blooms arise from a genetically 
diverse inoculum of over-wintering vegetative cells, or from a genetically diverse 
population of benthic resting cysts. If there is no strong environmental selection for 
particular genotype/s during a bloom, or a high level of habitat diversity, a high level 
of genetic diversity could be retained during 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 sampling the same clone twice 
may remain relatively low. 

The observed spatial clustering of isolates into estuarine 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 geographically proximate areas suggests that genetic exchange between areas is 
limited. Blooms may arise within the estuaries from benthic cysts, undergo cyst 
formation and re-settle in the same area, effectively isolating estuarine blooms from 
those in neighbouring 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). Vegetative cells washed out of an 
estuary may rarely survive long enough to be transported in significant numbers to 
neighbouring estuaries and undergo sexual recombination and cyst formation. 

Evidence for the non-clonal nature of dinoflagellate blooms, and geographical 
relationships between strains, has been previously reported in the freshwater 
dinoflagellate Peridinium volzii (Hayhome et al. 1987) using allozyme analyses. 
While long-term reproductive isolation might be easily envisaged between freshwater 
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lakes, population structure in a coastal species at small scales seems less probable. 
However, morphological, mating compatibility 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 
widespread, homogenous population. The data suggested that, particularly in the 
most southern locations sampled, they represented localized populations 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 sub-populations, 
with limited genetic exchange between them, may be a common feature of coastal 
dinoflagellate 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 non-bloom years in south eastern Tasmania 
(Hallegraeff et al. 1995), which may have potentially isolated this major bloom from 
the more or less annual blooms during the late 1980s. This temporal differentiation 
may be due to stochastic changes in the mix of genotypes available to seed localised 
estuarine blooms, or more likely as a result of changing environmental 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 significantly 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 isolates 
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 due to 
physical cell transport. 

CONCLUSIONS 
The present data from RAPD-PCR analysis suggests that G. catenatum blooms are' 
not simply large masses of genetic clones arising from asexual reproduction in the 
water column. In contrast, they appear to be genetically heterogenous, outbreeding 
populations which may show distinct population structure at surprisingly small 
scales. Potentially introduced Australian populations are significantly different from 
strains from Japan, Spain and Portugal, despite the limited number of non-Australian 
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 
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translocation of Tasmanian strains. Additional studies with G. catenatum aim to 
examine population clustering among Australian bloom areas in more detail, and 
examine additional strains from a range of other global populations. Such studies can 
lead to important insights into the dispersal, population genetics and biology of G. 
catenatum and other coastal dinoflagellate populations. 
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Introduction 
In order to construct an evolutionary hypothesis for the G. catenatum complex it is 
important to consider the geological time-frame of the group's evolution and speculate 
on potentially important palaeoceanographic or palaeoclimatic events which may 
account for the observed pattern of genetic divergence within the complex. 

The dinoflagellates have a rich fossil record of presumed cyst and possibly motile 
forms dating from at least the early to mid-Triassic [approx. 230 million years ago 
(Mya)]. Biogeochemical evidence suggests that dinoflagellates evolved before this 
time, and that the extensive evolutionary radiation of lineages in the Mesozoic 
represents a real event rather than a "switching on" of the production of fossilisable 
cyst/theca material in many lineages (Fensome et al. 1996). Now that molecular 
phylogenetic data is available for many dinoflagellate lineages, it is possible to begin to 
reconcile this data with the extensive fossil record and calibrate a "molecular clock" 
within the dinoflagellates. The aim of this chapter is not a comprehensive calibration of 
a molecular clock for the dinoflagellates, but to re-examine the fossil record in light of 
current molecular data and estimate the probable period during which the G. catenatum 
complex evolved. Calibration of a "local clock" (i.e. within the group of interest) for 
the complex can be estimated from LSU-rDNA sequences (Chapter 6). Molecular 
clock calibrations make a number of assumptions including that of equivalent sequence 
divergence rates among lineages (see Hillis et al. 1996), however, the probability of 
vastly different rates is significantly reduced when comparing closely related species 
(Hillis et al. 1996, Wright & Lynn 1998). 

The most comprehensive molecular dataset for dinoflagellates is provided by small-
subunit rDNA sequences, but this is probably not yet comprehensive enough to 
calibrate a complete dinoflagellate molecular-clock. Divergence rates can vary 
considerably between major groups, but is more consistent within groups of closely 
related organisms and can provide useful insights into a group's evolution (Saunders 
& Druehl 1992). Some general parallels can be sought by comparison of clock-rates 
from other major groups. Estimated SSU-rDNA rates vary from 1% per 80 milliorr ,  
years (My) for ciliates (Wright & Lynn 1998) to 1% per 25 My for plants (Saunders & 
Druehl 1992); in the absence of a well calibrated clock a general estimate of 1% per 50 
My has been suggested as a reasonable assumption (Saunders pers. comm.). 

Evolution of the loop-grooved gymnodinoids: interpreting molecular 
and fossil evidence 
Interpreting the probable evolutionary path and time scales for the gymnodinoid 
lineages is difficult due to the paucity of cysts/theca in the fossil record. Among the 
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gymnodinoid, peridinoid and prorocentroid genera (GPP-complex, sensu Saunders et 
al. 1997), none of the extant prorocentroids and relatively few of the gymnodinoids are 
known to produce easily recognised fossilisable cysts (Matsuoka 1985). It is 
conceivable that both lineages evolved as non-cyst formers, or at least produced 
unrecognisable cysts. The gymnodinoid lineages may have subsequently evolved more 
resistant and distinctive fossilisable cyst-forms independently, accounting for the 
comparative rarity and morphological diversity of cyst-forms among extant - 
gymnodinoids. By combining molecular phylogenetic data with fossil data it is, 
however, possible to derive a supportable estimate of the evolution of the gymnodinoid 
lineages. 

The fossil record indicates that the major evolutionary radiation of the Gonyaulacales 
occurred during the Jurassic (208-144 Mya) and that the Peridiniales arose in the early-
to mid-Jurassic and radiated during the Cretaceous (144-65 Mya). With the exception 
of the genetically distinct Suessiales (dinoflagellate coral symbionts and other 
symbiotic spp.), which may be the ancestors of many non-thecate lineages, 
gymnodinoid cysts appear in the early-mid Cretaceous (100 Mya) (Fensome et al. 
1996) (Fig. 1). 

Molecular phylogenies (SSU-rDNA) indicate that the radiation of the GPP-complex 
(which includes the loop- and straight-grooved gymnodinoids) followed that of the 
Gonyaulacales but the particular evolutionary order of the lineages is not easily 
resolved (Saunders et al. 1997, Grzebyk et al. 1998). From the same SSU analyses, 
the divergence of the GPP-complex coincides with the appearance of the 
Goniodominean lineage (which now includes Alexandrium spp.) (Fig. 2) and most 
probably paralleled the evolution and radiation of the cyst-forming Peridiniales from 
the mid-Jurassic (approx. 190 Mya) through the Cretaceous. 

The earliest recognisable gymnodinoid cyst lineage which has supporting molecular 
data is Polykrikos whose cysts appear in the Quaternary (2 Mya) (Fensome et al. 
1993). Molecular analyses in this study show Polykrikos either branching from the . , 
base of the loop-grooved gymnodinoids (distance analyses), or as derived from within 
the group (parsimony analyses) and therefore more recent. The latter seems unlikely 
considering that the level of SSU-rDNA divergence between Polykrikos and other 
extant loop-grooved gymnodinoids (e.g. G. catenatum, G. impudicum) is 3-4% 
(Saunders et al. 1997), indicating that these groups diverged at least 75 Mya and more 
probably as much as 200 Mya. The fossil record shows potential Polykrikacean 
ancestors, with elongated cyst-forms and tremic archeopyles, from the Eocene (58-37 
Mya) and the late-middle Jurassic (eg. Xylochoarion, approx. 165 Mya) (Fensome et 



)c
o  ge

oc
h

ro
n

o
lo

g
ic

  
un

it
s
- 

G
y m

no
d

in
ia

ce
ae

  

Pt
yc

ho
di

sc
a

ce
ae

  

Su
as

s
ia

c i
a

e
  

	

0  0 01 	 0 

	

c 02 	V in 	0 	 8 	0 

	

a. S 	'05- 	 = 	 co 	a 	o 2 78- 
 

ra 	0 	'13 

	

a 	o 	E 	0 	 rft 	 .— 	.c.  j3 0 	 IS 	12 	o 
0 	 112 	oc 

	

tt a -3 S; 	, 2 	5 	 0 	0 a 	. 

W cp 

0 	 _ , 

es 
'CI 	41 k 	gi , 2 
I' 	g 

Co
m

pa
ro

di
n

la
ce

ae
  

St
ep

ha
ne

ly
tr

ac
ea

e  
D

ol
lid

in
ia

ce
ae

  
N

an
no

ce
ra

to
p

sl
ac

t
  

[D
in

op
hy

s
ia

ce
ae

  

U . 

50 - 

100 - 

200 - 

t
o

t  w
  
 

Atit/L11131
 
 

1111200151M
EIB

IZIEw 
D

IN
O

P
H

y
S

IP
H

Y
C

ID
A

E
  

I  
CR

ET
A

CE
O

U
S

  11111=
1

1
--  

11 11111.1  1 
1  

1  I—
  

O
T
H

E
R

 PE
RK

 

I
 JU

R
A

SS
I
C

  
34

 F
o 

-4
 m

wi
E4

-41
7q

1  
Su

bc
la

ss
  

VO
D

IN
lP

H
YC

ID
  

0 	100 	200 
I.  	, 

! i 1 

NUMBER OF SPECIES 

Order PERIDINIALES 

..... loiss viti t 

Order GONYAULACALES 



early-Jurassic 
(200 Mya) 
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al. 1993). If these cysts are Polykrikos ancestors then the molecular distance-based 
analyses are generally congruent with the fossil data, supporting the evolution of the 
gymnodinoid lineages around the mid-Jurassic, with the loop-grooved gymnodinoid 
lineage (including the G. catenatum complex) arising toward the end of the Jurassic. 

Evolution of the G. catenatum species complex 
The preceding chapters of this study shows that the G. catenatum complex is a distinct 
gymnodinoid lineage of at least three species; G. catenatum, G. nolleri and G. 
microreticulatum (Chapter 5). The LSU-rDNA phylogenies examined indicate that the 
complex arises from near the base of the typical loop-apical-grooved gymnodinoids 
which have peripheral rod-like chloroplasts (including G. impudicum). Within the G. 
catenatum complex it is clear that the group evolved from a common ancestor, most 
likely a G. microreticulatum-like species. The phylogenies also suggest that G. nolleri 
and G catenatum evolved much more recently, with comparative nuclear volumes 
suggesting polyploidy as a possible evolutionary mechanism (Chapter 6). 

Small-subunit rDNA and fossil evidence suggest that the loop-grooved gymnodinoids 
evolved in parallel with the peridinoids during the late Jurassic. Using the LSU-rDNA 
data from this study and assuming a consistent rate of LSU- sequence evolution within 
the group, it is possible to estimate divergence times for the G. catenatum complex 
lineages. Taking the beginning of the late Jurassic (163 Mya) as the base of the G. 
impudicum/ G. catenatum cluster, a LSU-rDNA (D1-D2 region) divergence rate of 1% 
per 16.14 My can be calculated. Estimated times of divergence of species and 
population lineages within the G. catenatum complex are illustrated in Figure 3. To 
account for differing sequence divergence rates between conserved and variable 
domains of the D1-D2 region, estimates are derived from both conserved and full 
sequences. 

While microreticulate cysts are known in Recent marine sediments and survive for 
thousands of years (Thorsen & Dale 1998), it is not yet known whether they survive 
as fossilised specimens, which have yet to be recorded. From the LSU-rDNA clock 
calibration the common ancestor of the G. catenatum complex, presumably a 
microreticulate cyst species similar to G. microreticulatum, evolved prior to 140-130 
Mya around the late-Jurassic or early-Cretaceous. The southern supercontinent of 
Gondwana was still intact at that time, comprising the land masses of South America, 
Australia, southern Africa and Antarctica (Wilford & Brown 1994, Briggs 1995). 
Global temperatures were considerably warmer (perhaps 15-20 °C) during the early- to 
mid-Cretaceous and Gondwana was thought to have had a humid, subtropical climate, 
particularly in the coastal regions (Parrish 1987). The G. catenatum complex shows a 



Fig. 3. Estimated divergence times within the G. catenatum complex based on a simple 
LSU-rDNA molecular clock. Estimates are based on Kimura 2-parameter distances 
from full D1-D2 fragment sequences (Chapter 6). Estimates from conserved 
sequences are shown in brackets. Calibrated against a postulated late-Jurassic (163 
Mya) boundary for the common ancestor to the complex and its nearest relatives, 
the peripheral rod-shaped chloroplast loop-grooved gymnodinoids (see Chapter 6). 
G. micro reticulatum strains are as follows: UR02, Uruguay, Sth America; PH01, 
Port Hedland, Western Australia; PL01, Port Lincoln, South Australia; NC01, 
Newcastle, NSW, Australia. 

G. impudicum group 
G. microreticulatum 

UR02 PHO1 PLO1  NC01 G. nolleri 

Mya 
G. eaten. 0 

- 8 (7) 

119 (16) 

-22 (19) 

140 (130) 

163 



Fig. 4a. Distribution of G. microreticulatum (brown) and G. nolleri (yellow 

Fig. 4b. Distribution of Gymnodinium catenatum (red) after discounting reports of G. microreticula-
turn and G. nolleri 



Fig. 5. A hypothetical palaeohistorical model of the evolution and dispersal of the G. catenatum 
species complex (continued overleaf). Coastlines along which species may have been 
distributed are marked as follows: G. microreticulatum (brown), G. nolleri (yellow) and 
G. catenatum (red). Arrows indicate possible directions of species dispersal. See text for 
detailed description. 

(a) Late Jurassic (150 Mya) 
G. microreticulatum- like 
ancestor arises (approx. 160-150 
Mya) in the southern continent 
region. Gondwanaland climate 
is warm-temperate to humid-
tropical allowing a broad 
distribution of this species. 

(b) Early Cretaceous (circa 140 Mya) 
Separation of Africa and Sth 
America provides a route for a 
G. microreticulatum- like 
ancestor to disperse northward 
(arrow) Other southern 
continents separated by 
shallow seaways which allow 
regular gene-flow. 
Gondwanaland climate is still 
warm-temperate to humid-
tropical. Evolution of G. 
nolleri-ancestor probably after 
establishment of a deep marine 
seaway between Africa and 
Sth America (unless G. nolleri, 
or a similar species, is 
subsequently found on Sth 
American coast). 

  



Fig. 5 (cont.) A hypothetical palaeohistorical model of the evolution and dispersal of  the  G. 
catenatum species complex (continued previous and overleaf). Coastlines along which 
species may have been distributed are marked as follows: G. microreticulatum (brown), G. 
nolleri (yellow) and G. catenatum (red). Arrows indicate possible directions of species 
dispersal. Coloured circles with black borders indicate possible areas for speciation events. 
See text for detailed description. 

C) Late Cretaceous (circa 80 Mya) 
G. nolleri-lineage arises (approx. 
140-120 Mya) on the African 
coast, possibly by one or more 
polyploidy events. Spread to other 
southern continents limited by 
higher sea levels during mid- to 
late-Cretaceous. Separation of 
India from Africa and northward 
drift to contact with Asia may 
have carried G. microreticulatum 
to Asia, followed by an eastward 
dispersal (arrow). Alternatively, a 
later dispersal from Australia is 
also possible (see later maps). 
Global climate was generally 
warm-temperate  to  humid- 
tropical. High carbon-dioxide 
levels may have allowed high 
primary production on land and in 
coastal and epi-continental seas. 
Australia, Antarctica and Sth 
America still in close proximity, 
separated by shallow seas. 

 

(d) Paleocene (circa 60 Mya) 

  

G. nolleri-lineage spreads into 
Europe (this may have occurred 
much later). Lower sea levels have 
established coastline connections 
between Australia and Antarctica, 
and possibly Sth America. Asian 
G. microreticulatum spreads 
eastward. Later dispersal from 
Australia is also possible (see later 
figures). Global climate was 
generally warm-temperate to 
humid-tropical. 

     



Fig. 5 (cont.) A hypothetical palaeohistorical model of the evolution and dispersal of the G. catenatum 
species complex (continued previous and overleaf). Coastlines along which species may have 
been distributed are marked as follows: G. microreticulatum (brown), G. nolleri (yellow) and G. 
catenatum (red). Arrows indicate possible directions of species dispersal. Dashed arrow indicates 
the establishment of the circum- Antarctic-current (CAC). Coloured, black bordered circles 
indicate possible areas for speciation events. See text for detailed description. 

 

(e)Late Eocene (circa 40 Mya) 

  

G. nolleri -lineage established in 
Europe (note that this dispersal 
may be much more recent). G. 
microreticulatum established in 
Asia (once again a later dispersal 
is possible). Global climate was 
generally still warm-temperate to 
humid-tropical. High sea-levels, 
high primary production on land 
and in coastal and epi-continental 
seas. Australia, Antarctica and Sth 
America still in close proximity 
with coastal connection between 
Australia and Antarctica. 

(f)Early Miocene (circa 20 Mya) 

  

    

G. nolleri-lineage confined to 
Europe by the contact of Africa 
with Asia forming the 
Mediterranean Sea. G. catenatum 
arises by polyploidy from the 
G. nolleri lineage (19-16 Mya). 
The northward movement of 
Australia and the separation of 
Antarctica and Sth America allow 
the circum-Antarctic-current 
(CAC) to form. This is postulated 
to have initiated rapid cooling of 
the polar regions, effectively 
separating Sth American G. 
microreticulatum from Australian 
populations. Dispersal of G. 
microreticulatum northward to 
Asia may have ocurred recently 
(<2 Mya, arrow) during a glacial 
sea-level minimum. Global 
climate is cooling and establishing 
a strong latitudinal gradient with 
cold polar regions. This may have 
decreased the southward and 
northward distribution of G. 
catenatum complex species. 



Fig. 5 (cont.) A hypothetical palaeohistorical model of the evolution and dispersal of the 
G. catenatum species complex (continued from previous). Coastlines along 
which species are reported are marked as follows: G. microreticulatum (brown), 
G. nolleri (yellow) and G. catenatum (red). 

(g) Present Day 

Global cooling relative to the Miocene and earlier (see Fig. 6.) has reduced the distribution 
and abundance of G. microreticulatum in what are now cool-temperate areas. G. nolleri is 
confined to Europe and the cooler higher latitude climate has reduced its abundance in 
northern Europe but it appears common (at least as cysts in sediments) in the warmer waters 
of southern Europe, the Mediterranean and North Africa. G. catenatum has dispersed to all 
continents (recently <25 000 years) either by natural and/or human mediated means. Note: 
distributions of G. nolleri and G. microreticulatum are likely to be under-reported due to 
lack of recognition and confusion between cyst morphotypes. 
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modern distributional preference for warm-temperate areas (compare Fig. 4 with 
climatic zones of Briggs 1995, van der Spoel 1983), with G. catenatum showing the 
most tolerance of cool temperate environments (e.g. southern Tasmania). Assuming a 
similar warm-temperate preference, much of the coastal regions of Gondwana was 
probably suited to a G. microreticulatum-like ancestor. 

A hypothetical evolutionary sequence for the G. catenatum species complex is detailed 
in Figure 5. Without fossil records of microreticulate cysts, the hypothesis is primarily 
speculative. The complex's evolution, dispersal and observed modern digtributions 
may have arisen in a substantially different fashion. The palaeohistorical sequence 
outlined is consistent with the observed patterns of distribution and genetic variation, 
but additional records of G. nolleri and G. micro reticulatum may, in the future, force a 
quite different interpretation. 

The current distribution of G. microreticulatum in Australia and South America (Fig. 
4) suggests that the ancestral species was broadly distributed in the Southern 
Hemisphere along the southern, eastern and western coasts of Australia and Africa, 
south eastern South America, and Antarctica (Fig. 5a). Its presence in Asia (China) 
indicates that it may have been as far north as the Indian land mass which is thought to 
have been positioned near East Africa (Fig 5a). Asian populations may then have 
derived from a Gondwanan source carried northward with India, contacting Asia in the 
late Cretaceous (Fig. Sc). Alternatively they may have dispersed northward from 
northern Australia during the Quaternary after its drift northward to its present position 
(Fig 5g.). Molecular comparisons of Asian and northern Australian G. 
microreticulatum may clarify the most likely possibility, with a close relationship 
indicating the latter probability. 

The confinement of G. nolleri to Europe and Northern Africa indicates a G. nolleri-like 
ancestor may have evolved on the African coast after the separation of South America 
from Africa (Figs 5b, c). This divergence of the G. catenatum/nolleri lineage, perhaps 
by one or more polyploidy events, may have occurred around 120-140 Mya. 
Southward spread of the "new" species to Antarctica and Australia would have been 
limited by both the northward drift of Africa during the Cretaceous and higher sea 
levels in the late-Cretaceous (Briggs 1995). If this evolutionary event occurred by 
polyploidy and the polyploid was, or became, incapable of genetic recombination with 
the ancestral species, then the lineages may have evolved sympatrically (in the same 
area) and would not require geographic separation or a physical barrier. Therefore, the 
G. nolleri lineage may have, at least initially, co-existed with the G. microreticulatum 
lineage. 
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The G. nolleri -ancestor may have been confined to the northern African coastal area 
toward the end of the Cretaceous or early Paleocene (Figs 5c, d). The northward 
movement of Africa closed the eastern margin of the Tethys Sea (creating the 
Mediterranean Sea) in the early Miocene (approx. 24 Mya) and may have effectively 
confined the G. nolleri lineage to the Atlantic coast of Africa and Europe (Fig 5f). In 
the same region (16-19 Mya), Gymnodinium catenatum or its ancestor may have 
diverged from the G. nolleri lineage by polyploidy. Again, this could have been a 
sympatric evolutionary event maintained by the restriction of genetic recotnbination as 
a result of associated changes in mating behaviour and/or mating type. 

At a similar time (approx 20 Mya), South American (Uruguay) G. microreticulatum 
diverged from Australian populations (Fig. 3). This divergence may have been 
associated with the final break-up of Gondwana; the separation of Australia, 
Antarctica, and South America. Australia and Antarctica are thought to have begun to 
separate around 38 Mya when a narrow marine strait formed between the two (Wilford 
& Brown 1994). The widening of this strait to admit deep bottom currents around 30- 
22 Mya and allowed the beginnings of a circum-Antarctic oceanic flow (Fig. 50 
(Grant-Mackie 1978). The separation of South America from Antarctica (approx. 30 
Mya) allowed a deep oceanic current flow by 23 Mya, establishing the antarctic 
circum-polar current which is thought to have have resulted in accelerated global 
cooling, particularly at higher latitudes (Grant-Mackie 1978). The declining high 
latitude ocean temperatures remained considerably higher than today until about 18-15 
Mya (Parrish 1987) when a considerable decrease is suggested from palaeotemperature 
curves (Fig. 6). This temperature drop, combined with the continued northward drift 
of Australia, would have effectively separated the coastal, warm-temperate G. 
microreticulatum populations of South America and Australia (Figs 5e, 0. 

Due to the lack of rDNA variation among G. catenatum populations, the data cannot 
provide direct estimates of the time of dispersal of G. catenatum, but the G. catenatum 
complex LSU-rDNA clock-rates can provide an estimate of maximum population 
separation times, based on the time required for the probability of at least 1 base-pair 
divergence to occur. Nucleotide substitutions across the Dl-D2 region are not evenly 
distributed; the variable region exhibits around 3-5 times the substitution rate of the 
conserved region in the G. catenatum complex, yet comprises only 12% of the 
nucleotide alignment. On probability, the first substitution is actually more likely to be 
in the longer 616 bp of conserved region than the shorter 82 bp variable region. 
Maximum population divergence estimates range from 45 000 years (variable region 
only) to 24 000 years (whole D 1 -D2 region). These estimates are likely to be 
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current. 
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considerable over-estimates. Additional sequencing studies of G. catenatum and the 
other G. catenatum complex species which showing sequence identity (or near 
identity) between G. catenatum populations, will considerably reduce this maximum 
estimate. 

Origins of Australian G. catenatum 
Over a period of tens of thousands of years natural dispersal of G. catenaturn remains a 
possibility. For Australian G. catenatum, the most obvious natural means is by gradual 
range expansion from a neighbouring population in South East Asia. Seat level changes 
due to late-Quaternary glaciation cycles significantly altered coastlines in the Indo-West 
Pacific during the last glacial maximum (LGM) 20 thousand years ago. Lowered sea- 
levels led to emerged continental shelves in the region, creating a continuous coastline 
extending southward from Asia, encompassing the Malay peninsula, Java and Borneo 
(Wang 1999). Additionally, marginal basin sea-surface temperatures are thought to 
have been perhaps 2.5 °C lower at the LGM than today (Wang 1999). Despite the 
isolated reports of G. catenatum from the tropical West Pacific, it is difficult to 
conceive that G. catenatum dispersed naturally from its possible European origin to the 
Eastern Pacific (Mexico and Central America), Atlantic South America, South West 
India and South East Asia, then to Australia within a 20000-40 000 year time frame. 

A geologically recent natural dispersal from South East Asia via the tropical west 
Pacific is not supported by biochemical (toxin) data or the interbreeding and molecular 
genetic studies presented in this work. Similarity of Japanese and Australian 
populations would be expected for this hypothesis rather than the observed close 
relationship between Japanese and European G.catenatum. It is, however, difficult to 
accept or reject the natural dispersal hypothesis without comparative studies of other 
populations from possible "dispersal corridors" of G. catenatum (e.g. India, China, 
Malaysia, Philippines). 

To date, the combined evidence questions the hypothesis of either a Spanish or 
Japanese origin of Australian G. catenatum (see Chapters 7, 8). It is more likely that 
Australian G. catenatum was derived from an as yet unknown source. Populations 
discovered on mainland Australia (South Australia and Victoria) in the 1990's are 
thought to have resulted from secondary transfer of Tasmanian strains and preliminary 
genetic and toxicological data suggest this to be the case (Chapter 8). Dated depth-core 
analysis of G. catenatum cysts in South Australian sediments may shed light on this 
hypothesis (McMinn & Hallegraeff, in progress). The somewhat smaller size of 
Hawkesbury Estuary (New South Wales) G. catenatum cysts suggests that this 
population could have arisen from a different source to other Australian populations 



167 

(Chapter 4). Further genetic studies to examine their relationship to Australian and 
other global G. catenatum populations are in progress. 

Genetic variation and population structure 
Perhaps the most unexpected finding from this work was the high RAPD-genetic 
variation within Australian G. catenatum strains examined, most likely maintained by a 
combination of persistent or episodic sexuality and constant recruitment from 
genetically heterogeneous benthic cyst populations. These findings and hypotheses are 
now being supported by evidence of phenotypic heterogeneity (e.g. Selenium 
requirements, Doblin 1998) and detailed field studies of G. catenatum sexuality and 
population dynamics in the Huon Estuary (N. Parker, in progress). Estuary-level 
genetic clustering indicates that, despite major blooms appearing to be continuously 
distributed throughout many South East Tasmanian bays and estuaries, Tasmanian 
blooms are primarily estuary-bound populations. 

The spatial structure suggests that little genetic recombination may occur and that 
successful plankton cell and cyst transport between estuaries is limited. Evidence of 
temporal genetic differentiation between blooms in the one estuary suggests either that 
stochastic changes occur in the mix of genotypes available to seed localised estuarine 
blooms, or that changing environmental conditions can lead to the selection of 
particular genotypic subsets from the benthic or planktonic populations. 

Future research 
Fossil and molecular evidence suggests that a majority of the planktonic coastal 
dinoflagellate groups evolved in parallel during the mid to late Mesozoic radiation 
(Fensome et al. 1996). Thus, similar palaeohistorical events have probably influenced 
the evolution of other species. Similar patterns of genetic diversity are likely to be 
found in other planktonic dinoflagellates, therefore the G. catenatum complex may 
provide a useful model for future studies of coastal plankton biogeography. 

Considerable scope exists for future studies of the evolution, global biogeography -and 
population genetics of the G. catenatum complex. 

• Continue the careful documentation of the global distribution and depth distribution 
(combined with dating studies) of Recent and fossil microreticulate cysts, and the 
plankton cell distribution of G. catenatum complex species.  This will enable the 
refinement of the evolutionary and dispersal hypothesis of the group which is a 
necessary step to understand the origins of the toxic species G. catenatum. 
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• Calibration of a well supported molecular clock for the GPP-complex  
dinoflagellates using SSU-rDNA and other conservative protein coding genes.  
This will allow a more confident appraisal of the probable time of evolution of the 
G. catenatum complex and the palaeohistorical events leading to the observed - 
patterns of genetic variation. 

• Further examine the hypothesis of polyploid evolution of species within the G.  
catenatum complex.  This may be achieved by examining chromosomal numbers, 
DNA content and evidence of gene duplication which might support polyploidy. 
The establishment of the polyploid hypothesis can confirm likely modes of 
speciation in the group; by sympatric speciation (via polyploidy), or by 
allopatric/parapatric speciation arising by vicariance (e.g. physical barriers such as 
continental drift). 

• Investigate potential of a non-recombining polymorphic marker (e.g. chloroplast or 
mitochondrial DNA) to examine dispersal and potential population mixing/ drift. 
Nuclear markers are subject to genetic recombination, leading to integration of 
introduced genetic material into the gene-pool of local populations. Organellar 
genomes do not recombine and, depending on their inheritance characteristics in 
dinoflagellates, may be suited to identifying ancestral and source populations, 
introduced populations, population mixes resulting from multiple-sourced 
introductions and introduced genotypes among "endemic" populations. 

• Examine a wider selection of G. catenatum populations using RAPD and other 
fingerprint approaches.  The present study demonstrated that these approaches can 
discriminate fine-scale genetic population structure and discriminate global 
population clusters. The inclusion of many more G. catenatum populations would 
allow a better assessment of global relationships and may identify population 
genetic clines that correlate with G. catenatum natural dispersal corridors, or 
discontinuities that imply trans-oceanic transfer and human introduction. 
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Appendix 1 
LSU-rDNA alignments 

la. Alignment of 455 nucleotide positions of the conserved region of the LSU-rDNA 
Dl-D2 fragment. 

lb. Alignment of full D1-D2 regions (789 nucleotide positions) of the LSU-rDNA 
fragment for gymnodinoid species (not including suessialian spp.) 
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Appendix la. Alignment of 455 nucleotide positions of the conserved region of the LSU-rDNA D1- 
D2 fragment. (Chapter 6, alignment 1). Terminal spaces are regions where sequence was 
unavailable or of poor quality. Dash = alignment gap. Note- Alexandrium spp. included in 
alignment here were not included in final analyses. 

Nucleotide position 

G.micro 
G. nolleri 
G .oaten 
Gym. sp.1 (PA) 
Gym. sp.1 (SH3 ) 
Gym. sp.1 (51-14) 
G. impud. (C5-3 ) 
G. impud. (Gg1V) 

sl) (Lee) 
GYrn- sr) 3 (HK) 
Wm. PP .3 (IPA) 
Gyr sp .1 (HK) 
C . polykr (Lee) 
P. sthwar ( SH) 
P.kofoid(HK) 
P sthwar (HK) 
Gyr.uncat (3'J) 
Gyr unoat (DE) 
Gym. sang ( Lee) 
G. galatheanum 

Q. sp .COMP426 
Gyr sp .2 (Gy2DE) 
Pr. tries ( 7ar) 
Pr imicans (Len) 
Pr .micans (Lee) 
Pr. tries (Lee) 
Pr.minim(7ar) 
Pr Juinim (Lee) 
Pr. lima (Lee) 
Pr.haltic (Lee) 
S trodhoid (Lee) 
P.glaci  Al  is 
G.heii 
G. sinplex 
G . linudhae 
G. varians 
A. tatter (GelV) 
A.nanut (Mai) 
A .csten(Wal) 

1 	2 	3 
0 	0 	0 

GAATITAFGCATATAPLTAA3COGAM-- 
GAATITAAISCATATAFGIAAL303GAL3G--ATAPC,AAKTAAATPDGATTOCCITALTAA 

TrAMAPCIAAATAGGATTOCCTrAGTAA 
AATITAAGCATATAABTAI1/230GGA33--ATAALAAPCTAAAAAGG 'AA 
AATITAALCATATAALTAPAGOGGAGG--ATAAZAAPCTAAAAAGGATIO=TPLTAA 
AATITAFCCATATAALTAAGEGGAGG--ATAFGAAALTAAAAAGGASTOCCITAGTAA 

AA303GAM--ATAPGAAKTAAPEAGGATTOCCITAGTAA 
ATAPC.AAPETAAPEALGATIC=TALTAA 

MAATITAPL3CATATAPBTAAGO3GA33--ATAALAAPLTAAPEALGDITT="PGIAA 
CGAGAAPCPAAATAMMTOCCICALTAA 

GAArriAPC;CATATAFGTAPECGGAM--ATAFGAAPCIAAATAGGATTCCCICALTAA 
GAAPLTAAATAGGATIO:CITALTAA 

MAATITAAGCATATAALTAAGOGGAL3G--AMPLAAALTAAATASGATICCOITAGTAA 
GAATITAPL3CATATAAGTANX3SGAM--ACGALAAALT 

CGPC=AAPCY 
MALAAPCT 

GAATITAAZCATATAALTAAMGGAM--AAAAC,AAACIAAPC1 1=1COZTAALTAA 
GAATITAAJGCATATAAGTAPEOGGAGG--AAAALAAFCTAAPETGGATIarlAALTAA 

TGAAITTAPI3CATATAALTAFCCGGALM--AAAALAAKTAAATPLGATICICTPAGTAA 
ATATAALTAPIG133PI3G--ATACTAAATA3GATTOXICPLTAA 

GTAA 
CATATAAGTAX)02EAGG--ATAPGAAPCTAAATA3GAITCCCTrALTAA 

ATAFGAAKTAAATAGGATTOCCICFGTAA 
TGAATITAA3CATATAALTA ATAAGAAPCIAAATAGGATII=PLTAA 
TGAATITAALKATATAALTAPIMGASG--ATATAAATPEGA TAA 
TGAATITAPLCATATALGTAADOGGAGG--ATAALAAPLTAAATA13=COCICALTAA 

MAATITAALCATATAALTAPECGGALG--ATAPLAAPCIAAATAGGATICCLITALTAA 

7GAATITAAL3CATATAPLTAPOOSGAGG--ATAPGAAALTAAA7G3GATICMITALTAA 
TGAATITAPECATATAIVTPCOCGGAGG--AAAPGANCTAAATABGA=CCICPMAA 

GAAGCAPOOGGAGGTALCAAZGAPLTAAATAGGATrOCCNALTAA 
GTAA 
GTAA 
GTAA 
GTAA 

ALTAA 
AALTRA 

4 
	

5 
	

6 
0 
	

0 
	

0 
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- --GGAAA--GOGGA-T-03 
---G3GAAA--OCGGA-T-GG 

AA---CGAAA--GC33A-T-GG 
- --GGGAA--OZGAA-T-GG 

- -03GAA--GCGAA-T-03 
- --GGAA--GCGAAAT-GG 
--OCGAA--GOGAA-T-GG 
--GSGAA--GCGAA-T-GG 

AANTGIGCCIGAAATIGCIGAAA---OGGAA--GCGAA-T-GG 

---GCGAA--0A1-T-OG 
---OGGPA--GCGAA-T-GG 
---GOSAA--CCGAA-T-GG 
- --033AA--033AA-T-G3 
- --CGGAA--OCGAA-T-GG 
- --GCGAA--CCGAAG--GG 
- --GSGAA--GCGAA-T-GG 
- --OGGAA--GCGAA-T-GG 
- --ar,AA--GCGAA-T-GG 
- --03GAA--O3AA-T-0G 
- --GGGAA--GOGAA-T-OG 
- --I03AA--03GAA-T-03 
- --GGGAA--GMAA-T-GG 

A2ITIGAAAALAGAATIAAA.TGALTTIOT=CIGAPC---ACAAA--GCAAA--CAG 
PCITIGAAAAGMAATT 	e • 	---PGAAA--GCAAA--CAG 

Tr— • 	e • e 	--PGAFA--GCAAA--CAG 
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43 	44 	45 45 
0 	0 	0 	5 

G.rnicro 	AKCPGicT--GCITIGGIGAG-AYIGIOGC--GIG 
G.nolleri 
	

AACCIGITIT-CCTIGGIGPG-ATIGTIGC--AM 
G cabal GOCC16 AALUGTITP-GCrIGGIG-G-ATTGICGC--PCG 
Gym. sp .1 	APECPGIGIT-GC1103CGPG-ATIGITGC--Giu 
Gym. sp .1 (SH3 ) APLCALTGIT-GCITGGCGAZ-ATIGTICC--Git, 
Gyrn. sp 1 (SH4) AACCABIGIT-GCTIGGCGAG-ATIGTIGC--wG 
G. inpud. (C5-3) AFCCAGICIT-GCTIGGTATG-ATIGTOGC--CAG 
G. inpud. (Gg1V) APISPOIGIT-G=TAArr-ATTGICOC- -GIG 
GYm. sP. (Lee) 
	

AL- -GIG 
Gym. sp .3 (HK) 

	
AALUORDCT-GCTIOCCCAG-ATIGTPX--GM 

Gym. sp .3 (TRA) APECAMGCT-GCITMCGAB-ATIGIrIGC--00G 
Gyr.sp.1(HK) 

	
APACCALTCGT-GCITICGCGAG-ATIGTIGC--GIG 

C.polykr (Lee) AFCCAAGICC-AQVGGIGAG-AnCITSG--GTG 
P. schner (SH) 	APLCAGICIT-GCITOGCAPG-ATIGTCGC--GCC 
P. kofoid (HK) 

	
AAMPLCTIT-GCTR3GCAPG-AaMPIGT--CGA 

P. schwar (HK) All:C=T-GC1 .1133CAPG-F=CGC--GCC 
Gyr uncat (SW) APECADICAL-CCITZGOTAG-ATIGCIGC-
Gyr .uncat (DE) AALEPOICAL-CCI033CGAS-ATIGC1T3C--GM 
Gyrn. sang (Lee) APCCAGITCT-GCTMGCGAZ-ATIGICOC--AIG 
G. galatheanum APLCPGICIT--CIT=G-ATTGTIGT--CCG 
Gyrn. sp.00NIP426 AACCAOICIT--CTIGGIGAG-ATIG=r--OCG 
Gyr . sp .2 (Gy2DE) AP=11GT-TCrIOCCGALTATIGGIGTT-GTA 
Pr .micans (Len) AACCALTG1T-GCMOGMAL--ATTGICGT--ACG 
Pr .micans (Lee) AFCCPGICIT e ee • •  
Pr . tries (Lee) AFCCAGIGC--GCTTOGIGOG-ATIG'ICAC--ATG 
Pr. tries (7ar)  AACCAZTOC--GCTIWTGPG-ATIGICAC--ATG 
Pr.minim(7.ar) ANDC4IGIGIT-GCFIGGCAPG-ATIGTO3G--Git., 
Pr .minim ( Lee) AP=01=-GCTIGGCAAG-ATTGTOGG--Gir. 
Pr . lima (Lee) AGCIGACGTT-GC -ITOSTATC-AiuriC-C--GCG 
Pr .baltic (Lee) APLCAL'IGIT-CLTIGGCAFG-ATIGIOGG--GiG 
S. trochoid (Lee) AZICCALOGIA-ACTIO3CGPG-ATIGCTGC--Giu 
P.glacialis 	APIDCBGTCC--'1=3C1GP3-ATIG1=--ATG 
G bei 
	

MCC/V.- it..1-7CIGGCIGPG-ATIGCTGC--AaG 
G. sinplex 	APLCACIMI'--CIGMTGAG-ATMIGC--ATG 
C. 1 inuchae 	APCTIGTGCT--CIMIMPL-ATICCIGC--AAL 
G. varians 	APLICAAGA3C--CTO=G-ICIGCTGT-03PG 
A. tartar (GelV) ACITGATIT--CCIT=AG-ATIGTZGT--CCT 
A.minut (Wal ) 

	
AATIGAIGI'--GCITGGIUPG-ATIGTIGT--0 

A . osten (Wal ) 
	

AATIGATCTA--CITMIGAL-ATIUITIGC--GIC 
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• 	•ee so 
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"C e eee •e 

GCGAATGAACALGGAT 
OCGAAN3AACPOMAT -T3:03G-TIGAATIGTAGIC 
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Appendix lb. Alignment of full D1-D2 regions (789 nucleotide positions) of the LSU-rDNA 
fragment for gymnodinoid species (not include. suessialian spp.). (Chapter 6, alignment 
2). Terminal spaces- sequence unavailable or of poor quality. Dash = alignment gap. 

Nucleotide position 	1 	2 	3 	4 	5 	6 
0 0 0 0 0 0 

TGAATITAAGCATATAAGTAA333GAGGATAAGANCTAAATAGGATI=TALTAATG 
TGAATITAAGCATATAAGTAA003GAGGATAALAAALTAAATIG AIG 
TGAATITAIGCATATABGTAA1332GAGGATAPGAAALTAAATAGGATPOCCITAGTAATG 
TGAATITAAGCATATAALTAAG3GGAGGATAPEAAALTAAATAI3GAMCCTTPOTAATG 
TGAATITAAGCATATAAGTAAGCGGAGGATAPGAAACTAAATIGGATIOCCITAGTAATG 
TGAATITAALCATATAPGIAPLIGGAGGATAAGAAPCIAAATA33ATICCCITIGTAATG 
TGA=APGCATATAAGTAA033GAGGATAPGAAPLTAAATAGGATICMITILTAATG 

	

TGAATITAAGCATATAPLT • • cue •e • • • • • • • "A •e • a 	AATG 

	

TGAATITAALCATATAALTAPG3GGAGGAAAAGAAALT • • • • • • • 	ALM 

GOCC21 
03116 
02DE04 
GCHK53 
GCJP10 
GCUR43 
MC803 
GNINC01 
GMPLO1 
GMUR02 
GMPHO1 
Gy1PA 

Gy4SH 
C . poly 

GYr • sP1  
Gyrn_Ize 
Gg1V 
G. irrpC53 

GY5FE 
Gy5TRA 
Gy2DE 
LIGG03 
OCMP426 
PSSH 
PSFIK 
PKHK 
GUDE 

CS289 
G. sang 

PLANCI'AAPEAGGATT=TAGTAATG 
IGAATITAAGCATATAFGTAFOOGGFGGATAFGAAALTAAAAPLGAriu...CTI7GTAAIG 
TGAATITAALCATATAALTAPDOGGAGGATAALAAPLTAAAAAGGATICCCITALTAATG 

IGCATATAPLTALGOGGAGGATAALAAALTAAAANT,ATIOCCTBGTAATG 

GAAALTAAATAGGA=CITAGTAATG 
TGAATITAA3CATATAALTAAGO3GAGGATAAGAAACTAAACAGGATICCCTPAGTAATG 

ATAAGAAACIAAPCAGGATII=AGTAAIG 
AAGCOGAGGATAAGAAALTAAPCPOGAriu_LaTAGTAATG 

TGAGAAALTAAATALGAT'ICC=GTAATG 
TGAATITAA3CATATAAGTAAGOGGAGGATAFGAAALTAAATAGGA=CC'ICAGMATG 
TGAATITAALCATATAAGTAAGO3GPOSATAPLAAALTAAATAGGA=CITALTAATG 
TGAATITAPGCATATAALTAALCGGPOSATAAGAAACTAAATA TAAIG 

GTAATG 
AATG 
AATG 

TGAATITAALCATATAALT 	 AAATA33ATICCCITA2TAAI0 "ese .• • • ". 

TGAATITAAGCATATAPGT "ewe , e .6 • " A 	 se " 

CGAGAAPLT 
	

•t• • • • • 

IGAAT'ITAFOCATATAALT 
IGAATITAA3CATATAALT 
IGAATITAPECATATAALT 
'IGAATITAASCATATAALT 

CGALAAACIAAATAMATICCCACALTAAIG 
AAACIGGATIOCCTAPGTAATG 
AAACIGGATICCCTAALTAATG 
AAPLTCGATTCMTALLTAATG 
AAATAGGATIC=PGLAATG 

GOCC21 
=16 
0E04 
OCHK53 
=10 
GCUR43 
GDK1303 
GMI\E01 
GMPLO1 
GMCRO2 
GMPHO1 
Gy1PA 
Gy3SH 
Gy4SH 

• C.poly 
GYr. sP1  
Gyrrt I et.. 
Gg1V 
G irrpC53 

GY5HK 
Gy5TRA 
Gy2DE 
LIGG03 
aMP426 
PSSH 
PSHK 

GUDE 
GUS/4 
CS289 
G. sang 



• •Ielliele 	le A • • •elll A • 	• 

• •le • " • 

• , else e A—es 

• •C • A."let 	• 

• • le 40 	• ' it • "east 	e "...el A. • 

• e , eese • •• 

ICICZA7G-CATIG-CCANIGGPGOCOCPGA= 
GAM 

'ICICGATG-CATIG-CEAA 
TCAALAgG-CATIG-CTAACIO3= 
TCAPLATG-CATIG-CTAFC'P33330GT 
'ICAPCATG-CATIG-CTAKTGCCOCGT 
TCGAAAM-CAALG 
TCAPC,A.TG-CATIG 
`ICAPCATG-TPCIG-CT 
ICAPGATG-TPCIG-CT 
'ICAPGATG-TACTG-CT 
ICAAGATG-TATIG-CTAAT333230GCPEGTGT 
'ICAPC,1rIG-TATIG-CPAATG2G3GOGCP= 
TIC.PGATG- 

C •eese • • 

'C 

• •e• 

• •e• 

• "se 'test • • 

—ease 

"ease 
e A — eil A ,  . 

e e4 A ,  • 

TCKGPCG-0371G-CCASCA=CGTPGATGT 
TCTCGACG-CGCIG-CCAFC.A303:=PGAIGT 
'ICICGATG • " e .ease • A "case e --es A • e 

• "se •eese • , 

•• e •eeee •e 

"ease 

••ease e ""ele A 	• le 

• •e Se t " "e0 • • e 

e 	• 	• •• •e• 

O A , — " , e4 

C'''' 

• •le GO •• 

••ea t .." .e • 	• 

'e4 	e •• 	•e • seat ••••• a " • 'teem Ae 

ITTCGATGGCATIG-CCASCGGAGG 
TrICGATGGCATIG-CCAGOXAMCPGAMT 
ICAFGATG-TICTG-CCAA03GAGOCOCAO3CGT 
'ICAFOATG-TPCTG-02AACGGASOMCAMCGT 
TGAPGAM- 
TGGASAIG-CGICG-CCAACA3030= 
TGGPLATG-CGICG-CEAACA3333= 
113GMATG-CGTCG-CCAPEASGOGCGT 

• •e• 

••es 

e "" .e • ••es 

C "" •11!  • "e 

e "" 	. • •ell 

tee "ete • se •eese "es e '" 'le A 

e 	• e • "e .e eel "le 

e , e • "e .le le 	"II 

•e ea •••• e A". •le • " e 

C 	. e  • 	• 

e  

e ,," • A ,  

e 	 • 	• 

TCTCGACG-=-CCADCA:33GOCGTPGATGT 
TCICGICG-MCIG-CCASCA33:33CGTA 
rICKGACG-OMTG-CCAGCAMGCCGTPGATGT 
TCTCGACZ-=1G-CCACCA33332GTPGATGT 

APC4NGT 
AFGALT 

e See0e4le A ee 	• •• ee • e • 

AGGGIGFC,AATOTATCrA 
•ee 	• • Gas -- 

sees e • 

PC33CPC_FCGTICTAFONGT 
PCOGCACPCGTICTAFGAZT 
ParCACFCGTICTAPC.PGT 
Pla33CPC=ICIAPC,POT 
2COSCACBCGTICTAPC,PGT 
ACO3CPCICGTICIAFGALT 
AL'OGCACA%=APC=AGT 

TICIALGAGT 
It_ MOGI' 

ACGPLT 
AFGAGT sees e • 

• • ee 	e e • A e , e1114 OS 

• e , e* 	• A 040 ATCTGC.PGIOCCOCGTIT 
e • • •ee 	• • Sea ALII3GIGIGCrITCTAPC,Bal' 

•ee 	•e A • PCTITCAAPGAGT e • •4 as 	• tea 

•ee 'C • • -TOCIDCPC,PCCIOXIGIsPLC33CGTPLTTICANC,PLT 

22,13331GIGAATIXT311us 

AGGOIGALAATCCIGPIMIC 
PCO31C4C,AATO7IGIT= 
•ee 	• 'es  

'cc 	• • e • 

•te 	• • e es 

•ee 	• • time 

.ele 	• •' 	• 

PLGGIGAZAA'ICCMTIGIt - • • • •• 

-ATCIPOIGICCIOXIGTP033CATO=TAFGALT 
/COGCAT3CGTICTABC,POP 

-AICTFCALICCIC=A033CATOZGTICIAPGALT •ee • " 

•ee 	• • • 

ADSGTGPLAAiu_.tu I it. iu-
AG3GIGALAAiu_iui iulu-
A3CGIGPGAAir_uitsii 

• • 	e  

' " • 
•4oe 

'CC 	' • 005 

e 	•• • • e 'sees e • 

• se 	•• 55 e • tea 

• ee • A e as e • eee 

• Sc •  ••• •• e • era 

C • , e1 

` sees .0 le • '4 CO 

t .0e t • 

rIU17PL7r 
AMTIt'ITAGA01" 
ALGTICITAGALT 
ACGTICTTICFLT 

PCGaL-TICATICTAAGAT 
ICATICI'AFGALT 

APGAGT 

•te 

•se 

AGGGTGAN3GIOZCGITICGTC-CCIT3CACGCTACMIGTPCGCCOCPCA.TICAAPC,PLT 
'CC 	• " We • e 
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13 	14 	15 	16 13 	14 	15 	16 
	

17 
	

18 17 18 
0 	0 	0 	0 0 	0 	0 	0 

	
0 0 

GCCr21 
03316 
OCDE04 
GaR53 
GCJP10 
GCUR43 
GEKB03 
GMI\r01 
GMPLO1 
GMUR02 
CIIPHO1 
Gy1PA 
Gy3SH 
Gy4SH 
C . poly 
Gyr.spl 
Gyra Lose_ 
Gg1V 
G. irricC53 

GY5HK 
Gy5TRA 
Gy2DE 
LIGG03 
OCMP426 
PSSH 
PSHK 
PKHK 
GUDE 
GUSW 
CS289 
G. sang 

19 	20 	21 	22 	23 	24 
0 	0 	0 	0 	0 	0 

=21 
GOCC16 
GCTE04 
OCHK53 
GCJP10 
CCUR43 
GOKB03 
GML\E01 
GMPLO1 
GMUR02 
GMPHO1 
Gy1PA 
Gy3SH 
Gy4SH 
C poly 
Gyr.spl 
Gyril_Lea_ 
Gg111 

•G irrpC53 
Gy5HK 
Gy5TRA 
Gy2DE 
LIGG03 
CEMP426 
PSSH 
PSHK 
PKHK 
GUDE 
GUSW 
CS289 
G. sang 
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25 	26 	27 	28 	29 	30 
0 	0 	0 	0 	0 	0 

GX:C21 

GOCC16 
GCDE04 
CCHK53 

GCJP10 
GCUR43 

GDKB03 
asroi 
GMPLO1 

GIUR02 
GA11-101 
Gy1PA 

Gy3SH 
Gy4SH 

C poly 
Gyr.spl 
Gymr ee_ 

Gg1v 

G. irrpC53 
Gy5HK 

Gy5TRA 
Gy2DE 

LIGG03 
OCIMP426 

PSSH 

PSIK 
PKHK 

GUM 

aJSAT 
CS289 

G. sang 

=21 
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032E04 

001E53 
GalP10 
GCUR43 

GEKB03 
GME01 
GMPLO1 
GMUR02 

GIPHO1 
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31 	32 

0 	0 
iC-GPGPOCIGATAGCAAPCAPLT 

GTIC-GPOCCGATAOCAAPCAPGT 
GTIC-GAGPOCGATAGCAAPCAPLT 
Glit,-GPC,PCCGATACCANCAPGT 

IL-GAGACCGATAGCAAPCAPGT 

CA. it..-GAGALCGATACCAAPCAPLT 
uric.-GAGPOCGATAGCAAPCAPLT 

G1 -GALPCGGATAWAAPCAPGT 
U11c.-GPGACCGATACCPsAPCAP3T 

IL-GAGACCGATAGCAAPCAPDT 

Gric..-GAGACCGATAGMAPEAPGT 

AAATTICATCTAAPECTAAATATGG 
AAPBCTAAATAT33 

AAATPICATCTAAPECTAAATATGG 

AAATrICATCTAAAGCTAAATAT3G 
AAATITCATCTAAPGCTAAATATCG 

AAATITCATCI'AAAGCTAAATATOG 

AAPOCTAAATAIGG 
• 'e AAATATGG 

AAATITCATCICAPGCTAAATATGG 

AAATAMG 

ATGG 
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AAATITCAICITAAGCTAAATAPGG 
AAATTICATCITAAGCTAAATAAGG 

AP3CPAAATAA3G 

AAAGCTAAATPCGT 
AAATITCATCICAPGCIAAATACGG 
AAATITCATCLCAAGCTAAATATGG 

AAATITCATOCCAPGCTAAATATGG 
AAATITCATOCCAPGCTAAATATCG 

AAATITCATCICAAGCTAAATAT3G 

AAATYICATCICAPLCTAAATA'RGG 
AARITICATCTAAALCTAAATAITG 

AAAGCTAAATATIG 
AAPCTICATCTAAPGCTAAATATIG ,  

AAPGCTAAATATGG 

'ICGGGIGGTAAATITICATCTAAAGCTAAATATGG 
AAAITICATCTAAPGCTAAATATGG 

AAAT3CCAICITAPOCTAAATATGG 

AAATOCCAICITAAGCTAAATATGG 
AAATOCCATCTrAPCCI'AAATATGG 

AABITICPCCITAAGCTAAATATIG 

ee e • • • 

ee e • • • 
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•• • •ee 	 , 

Gy1PA 	GriC • 	• •e ••• •• 

Gy3SH 	 it.-GAGACCGATAGCAAPCAPLT 
Gy4SH 
	

• .1114 • 'IC ." A' 

C poly 	 r-GPLACCGATAI3CPCPCAAGT 

Gyr.spl 	GATC-GAAACCGATAGCAAPCAPCT 

Gym Loa_ 	GiiC-GAAPCZGATAGCA.AACA 
GgIV 	 CAIL-GAAPCCGATACCAAPCAAGT 

G.irrpC53 	WIL-GAAACCGATAGCAAACAAGT 
Gy5FR 	GriC-GAAPCOGATAGCAAACAPLT 
Gy5TRA 	G1'112-GAAACCZATACCAAPCAP2r 

Gy2DE 	 R.-GPGPCCGATPGCAAPCAPGT 

LIGG03 	 it_.-GPOCCGATAGCAAPCAPGT 
aMP426 
	

, 	"A " 

PS{ 	 Griu-GAGACCGATACCANCAPGT 
PSHK 	 Gi R.-GAGA:SCAT 

PKEK 	 PGIC-GAAPCCGATPCCAAPCAPGT 

GUILE 	 (,I1(_-GPGPCCGATAGCAAPCAPGT 
GUS.4 	 Gric.-GAZACCGATAGCAAACAPGT 

CS289 	 GTIC-GPGACCGATAGCAAPCAPGT 

G. sang 	GICCPGPLACCGATAGCAAPCABGT 
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Appendix 2 
Genetic distance matrix used for 

MDS analyses in Chapter 8 
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Appendix 2: Genetic distance and similarity among strains from Chapter 8. Above Diagonal: Simple Matching coefficient (SM), Below 
diagonal: Euclidean Distance (used for MDS analyses). 

JP01 JP03 
JP01 0.746 
JP03 0.495 
JP 10 0.530 0.397 
SNZO1 0.523 0.448 
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SPO3 0.617 0.560 
SPO4 0.601 0.502 
PT02 0.620 0.510 
PT03 0.594 0.494 
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HUO7 0.585 0.590 
HUO8 0.598 0.556 
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TRA06 0.603 0.611 
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GI53 0.702 0.708 
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OPQ-03 1950 1 	1 ENE  
0 	• 
1 E1 1 1 OE 1 1 	1 	1 

0 
1 	1 
0 	1 

0 	0 0 1 	1 1 	0 
0 0 

0 OPQ-03 1950 4 	0 5 	1 16 4 	0 1 0 6 1 7 2 2 0 1 1 0 2 	4 	1 0.781 
OPQ-03 1860 

1800 
1 I  
0 1 1 

• 1 
1 	1 

0 
1 1 	0 

1 
0 	1 

0 0 
0 0 

1 	1 
0 0 

1 E 
0 

0 , E  

0 • 0 0 0 1 
1 E0. 

1 
E 

1 OE 
1 OPQ-03 

OPQ-03 
1860 
1800 

4 	0 
3 	1 

2 	4 
5 	1 

9 
4 

11 	0 
16 	0 

1 
1 

0 E  1 
1 

5 
1 

2 
6 

4 
1 

5 
8 

0 
2 

2 
0 

1 
1 
IIE 

• 
1 E  3 
2 	5 

0.531 
0.406 OPQ-03 

OPQ-03 1650 1 	1 0 1 	1 1 	1 0 0 1 	1 1 	1 1 	1 1 	1 0 	1 0 0 0 0 0 1 	0 OP0-03 1650 4 	0 5 	1 13 0 1 1 5 2 7 2 1 1 0 0 2 	5 	0 0.688 
OP0-03 1550 0 0 0 a 	0 0 0 0 0 0 0 0 0 0 	5 	0 0 0 0 0 1 	0 0 0 0 0 0 0 0 OP0-03 1550 0 	4 0 	• 19 	0 1 0 1 5  7 1 8 0 2 0 0 2 	0 	5 0.031 
OPQ-03 1500 0 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 0 0 0 0 0 0 	1 00PQ-03 1500 1 	3 0 18 	1 0 1 0 7 2 7 0 2 0 0223  0.094 
OPQ03 1450 1 

0 E 
1 1 1 	1 1 1E1 1 1 	0 1 	1 1 	1 1 1 	1 1 	1 1 	1 0 	1 1 	1 1 	1 10PQ-03 1450 4 	0 6 2 	1 0 1 0 1 9 0 2 0 2 1 1 	5 	0 0.938 

OPQ-03 1380 0 0 0 0 0 0 0 0 1 	0 0 	1 1 	1 1 	1 1 	1 1 	1 1 	1 1 0 0 0 0 1 	1 1 OP0-03 1380 0 	4 0 	6 15 Amp 1 0 5 2 9 0 1 1 0 1 1 	5 	0 0.500 
OPQ-03 1150 1 	1 1 1 1 1 1 	0 1 	1 1 	1 1 	1 1 	0 0 	1 

1 
0 0 0 	1 0 0 0 1 	1 1 	1 1 OPQ-03 1150 4 	0 5 	1 13 7 	1 0 133 7 0 3 6 2 0 1 0 2 	1 	4 0.688 

OPQ-03 1180 1 	1 1 1 1 0 1 	1 1 	1 1 	0 1 	1 1 	1 1 	0 1 	1 0 	1 1 0 	1 0 0 0 	1 1 OPQ-03 1180 4 	0 5 	1 12 8 	1 0 • 6 1 6 3 0 2 1 1 1 	4 	1 0.719 
OPQ-03 1160 1 0 0 • 0 0 0 0 0 0 0 0 0 0 0 0 5 	0 	0 0 0 0 0 0 0 0 0 0 0 1 	0 0 OP0-03 1160 1 	3 0 	6 1 19 	0 0 7 0 9 1 1 0 2 0 2 	0 	5 0.063 
OPQ-03 1140 1 1 	1 1 1 	1 0 1 	1 1 	1 0 0 1 	1 0 0 1 	1 1 	1 1 1 	1 • 0 0 0 0 1 OPQ-03 1140 4 	0 5 	1 12 8 	0 0 1 3 8 1 0 2 0 1 1 	4 	1 0.688 
OPQ-03 1050 1 1 	1 1 0 	1 0 0 0 1 	0 1 	0 0 	1 0 0 1 	0 0 0 1 	1 1 	1 0 

i 
0 	1 1 	0 00PQ-03 1050 4 	0 2 	4 9 11 	0 01 4 4 5 2 0 0 1114  0.500 

OPQ-03 980 0 0 0 	1 0 0 	1 1 0 OE 0 0 0 	1 0 0 0 0 0 0 	1 0 0 0 	1 0 0 0 1 	1 10PQ-03 980 1 	3 2 	4 3 17 	1 0 1 0 1 6 1 8 1 1 0 2005  0.250 
OPQ-03 900 0 0 1 	0 0 0 0 OE 1 1 0 0 0 0 0 0 0 	0 	1 1 	0 0 	1 0 0 0 0 0 	1 1 	1 10PQ-03 900 13 2 	4 6 14 	1 0 0 1 6 3 6 2 0 0 0223  0.281 
OPQ-03 850 1 	0 0 0 0 0 0 0 0 1 	0 1 	0 1 	0 0 	1 0 	1 	0 0 	1 0 	10 0 0 0 1 	1 0 	1 1 OPQ-03 850 1 	3 0 	6 9 111 0 1 0 3 4 4 5 1 1 1 • 2 	2 	3 0.313 
OPQ-03 800 01 

0 
1 	1 

0 
1 
0 

0 
0 

1 E 
0 

1 	11E 1 1 	0 0 0 	0 	1 1 	1 1 	1 1 0 0 1 	1 1 	0 0 OPQ-03 800 3 	1 5 	1 15 5 	0 1 0 1 6 1 6 3 2 0 1 1 	2 	3 0.750 
OPQ-03 760 E  0 E  

1E 
1 	0 0 0 	1 0 0 0 	1 	0 0 0 1 	0 1 	• 0 0 1 	1 0 	1 0 OPQ-03 760 1 	3 0 	6 7 13 	1 0 1 0 2 5 3 6 1 1 1 2 	1 	4 0.250 

OPQ-03 750 • 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 	1 10PQ-03 750 0406  1 191 0 1 0 0 7 0 9 1 1 0 2 • 205  0.031 
OPQ-03 730 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 1 0 0 1 	0 	1 1 	0 0 0 0 0 0 	1 0 	1 1 	1 10PQ-03 730 0406 13 	1 0 1 0 2 5 3 6 2 0 1 1 0 2 	3 	2 0.250 
OPQ-03 710 1 	1 1 	1 1 0 	1 0 1 	1 1 	0 0 	1 1 1 	0 1 	0 	1 1 	1 0 	1 0 	1 0 0 0 0 1 	0 10PQ-03 710 4042 9 	0 1 0 1 5 2 5 4 1 1 0 2 1 1 	3 	2 0.625 
OPQ-03 670 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 	1 	0 0 0 1 	1 0 0 0 1 	0 0 0 00PQ-03 670 0424 15 	0 1 0 1 0 7 4 5 0 2 1 1 0 2 	1 	4 0.219 
OPQ-03 640 0 1 	1 1 0 1 0 1 	1 0 0 1 	0 1 1 	0 1 	0 	1 1 	1 0 	1 1 0 	1 1 	1 1 	1 10PQ-03 640 3142 8 	1 0 1 0 4 3 5 4 2 0 2 0 1 1 	3 	2 0.656 
OPQ-03 600 0 1 0011 0 0 	1 1 	0 0 0 0 0 0 0 	1 	0 0 	1 0 	1 1 0 0 0 0 0 10PQ03 600 1 	3 4 4 16 	0 M 0 1 1 6 3 6 0 2 0 2 1 1 	1 	4 0.313 
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OPG-04 1860 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 1 	1 1 	0 0 0 0 0 0 0 0 1 	0 0 0 0 0 1 	0 0 OPG-04 1860 0 4 0 6 6 14 0 1 0 1 4 3 1 8 1 	1 	0 2 0 2 0 5 0.188 
OPG-04 1800 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 0 0 0 0 0 00PG-04 1800 040611901 0 1 0 7 1 8 0 	2 	0 2 0 2 1 4 0.031 
OPG-04 1750 1 	0 0 	1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 	1 0 0 0 	1 00PG-04 1750 22061191 01 0071  8 01 	2 	1 1021  4 0.125 
OPG-04 1710 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 00PG-04 1710 0406020101007090 1 

20 2 0 2 0 5 0.000 
OPG-04 1700 1 	0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00PG-04 1700 1 3 	0 6 0 20 0 1 0 1 0 7 0 9 	0_, 	2 0 

0 
2 0 2 0 5 0.031 

OPG-04 1650 1 	0 0 	1 0 0 0 0 	0. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 OPG-04 1650 2 2 	0 6 0 20 0 1 0 1 0 7 0 9 	01 	2 2 0 2 0 5 0.063 
OPG-04 1510 1 	1 1 	1 1 	1 1? ? 1 1 1 1? 1 	1 0 	1 0 1 	1 0 0 0 	1 0 0 1 	0 1 	1 1 	0 1 OPG-04 1510 4 0 	4 2 12 8 0 1 0 1 5 2 4 5 	2 	0 1 1 1 1 3 2 0.656 

OPG-04 1500 0 	1 1 	0 0 0 0 1 	0 0 1 1 0 	1 111 1 	0 1 1 	1 1 	1 0 	1 0 0 0 	1 1 	0 0 	1 1 OPG-04 1500 2 2 	1 5 13 7 1 0 1 0 6 1 6 3 	0 2 2 0 0 2 4 1 0.531 
OPG-04 1460 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 1 	1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10PG-04 1460 0 4 	0 6 4 16 0 1 0 2 5 2 7 	0 2 0 2 0 2 2 3 0.125 
-OPG-04 1440 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 	1 1 	1 1 1 	1 1 	1 1 	1 1 	0 0 0 0 0 0 	1 1 OPG-04 1440 0 4 	0 6 12 8 1 0 1 0 3 4 9 0 	0 2 0 2 0 2 5 0 0.375 
OPG-04 1410 1 	1 1 	1 1? 1 1 	0 0 0 1 1 	1 1 	1 1 	1 1 1 	1 0 	1 1 	1 1 	0 1 	0 1 	1 1 	1 00PG-04 1410 4 0 	3 3 17 3 1 0 1 0 6 1 8 1 	201  1 1 141  0.781 
OPG-04 1400 1 	1 1 	1 1? ? 1 	0 0 0 0 1 	0 0 0 1 	1 0 0 0 1 	0 1 	1 1 	0 0 0 1 	1 1 	1 1 OPG-04 1400 4 0 	2 4 10 10 1 0 1 0 2 5 5 4 	2 0 1 1 0 2 2 3 0.500 
OPG-04 1350 0 0 0 0 0 	1 0 0 0 0 1 1 0 	1 1 	1 0 	1 1 1 	1 1 	1 1 	1 1 	0 0 0 1 	0 0 0 10PG-04 1350 0 4 	1 5 15 5 0 1 0 1 5 2 9 0 	0 2 1 1 0 2 5 0 0.500 
OPG-04 1140 1 	1 1 	1 1 	0 0 1 	1 1 1 1 1 	1 1 	1 0 0 0 1 	0 1 	0 0 0 0 0 0 	1 1 	1 1 	0 1 OPG-04 1140 4 0 	4 2 11 9 0 1 0 1 6 1 2 7 	2 0 2 0 0 2 2 3 0.625 
OPG-04 1190 1 	1 1 	1 1 	1 0 0 	1 1 1 1 0 0 1 	1 1 	0 0 0 	1 0 	1 1 	1 0 0 0 	1 1 	1 1 	0 0 OPG-04 1190 4 0 	4 2 12 8 0 1 0 1 5 2 4 5 	2 0 2 0 0 2 1 4 0.656 
OPG-04 1160 1 	1 0 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 1 OPG-04 1160 2 2 	0 6 2 18 1 0 1 0 1 6 1 8 	0 2 0 2 0 2 1 4 0.125 
OPG-04 1110 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 	1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 OPG-04 1110 0 4 	0 6 2 18 0 1 0 1 1 6 1 8 	0 2 0 2 0 2 1 4 0.063 
OPG-04 940 1 	1 1 	1 1 	1 1 1 	1 1 1 1 1 	1 1 	1 1 	0 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 10PG-04 940 4 0 	6 0 18 2 1 0 1 0 7 0 8 1 	2 0 2 0 2 0 4 1 0.969 
OPG-04 900 0 0 0 0 0 0 0 0 0 0 0 1 0 	1 0 0 1 	0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00PG-04 900 0 4 	0 6 3 17 0 1 0 1 3 4 0 9 	0 2 0 2 0 2 0 5 0.094 
OPG-04 870 1 	0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 1 	0 0 	1 10PG-04 870 1 3 	0 6 2 18 1 0 1 0 1 6 0 9 	0 2 2 0 0 2 0 5 0.125 
OPG-04 800 1 	1 1 1 	1 1 1 	1 1 1 1 1 	1 1 	1 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 1 	1 1 	1 OPG-04 800 4 0 	6 0 19 1 1 01 0 7 0 9 0 	2 0 2 0 2 0 5 0 1.000 
OPG-04 870 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 00PG-04 870 0 4 	0 6 0 20 0 1 0 1 0 7 0 9 	0 2 0 2 1 1 0 5 0.031 
OPG-04 750 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 10PG-04 750 0 4 	0 6 0 20 1 0 1 0 0 7 0 9 	0 2 0 2 0 2 0 5 0.000 
OPG-04 730 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 0 1 	0 0 1 	0 0 0 0 0 1 	0 0 0 0 0 0 	1 10PG-04 730 0 4 	0 6 4 16 1 0 1 0 2 5 2 7 	0 2 . 0 2 0 2 1 4 0.125 
OPG-04 710 ? 	1 1 	1 1 	1 1 1 	1 1 0 1 0 0 0 0 0 1 1 	0 1 	0 0 0 0 0 1 	0 0 0 0 0 00PG-04 710 3 1 	6 0 5 15 0 1 0 1 2 5 36 0 2 0 21 1 32 0.469 
OPG-04 700 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 10PG-04 700 0 4 	0 6 0 20 1 0 1 0 0 7 0 9 	0 2 0 2 0 2 0 5 0.000 
OPG-04 650 1 1 	1 1 	1 1 1 	1 1 1 1 1 	1 1 	1 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	0 00PG-04 650 4 0 	6 0 19 1 01 0 1 7 0 9 0 	2 0 2 0 2 0 5 0 1.000 
OPG-04 600 0 0 0 0 1 1 1 	1 0 1 0 0 0 0 0 1 	1 0 0 0 1 	1 1 	1 1 	0 0 0 0 0 0 0 00PG-04 600 0 4 	5 1 8 12 0 1 0 1 2 5 6 3 	0 2 0 2 0 2 2 3 0.406 
OPG-04 570 0 0 0 0 0 0 0 0 0 1 1 1 	0 0 	1 1 	1 1 1 	0 0 0 0 	1 1 	0 0 	1 1 	1 1 	1 10PG-04 570 0 4 	0 6 13 7 1 01 0 5 2 5 4 	2 0 2 0 0 2 3 2 0.438 
OPG-04 500 0 0 0 0 0 0 0 0 0 0 1 1 1 	0 0 	1 1 	1 1 1 	0 0 0 0 0 0 0 0 0 1 	0 0 	1 0 OPG-04 500 0 4 	0 6 9 11 1 0 1 0 5 2 3 6 	0 2 1 1 0 2 3 2 0.281 
OPG-04 450 0 0 0 0 0 0 0 1 	0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00PG-04 450 0 4 	1 5 1 19 0 1 0 1 1 6 0 9 	0 2 0 2 0 2 0 5 0.063 
OPG-04 400 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 00PG-04 400 0 4 	0 6 0 20 1 01 0 0 7 0 9 	0 2 0 2 0 2 0 5 0.000 
OPG-04 370 1 	1 1 	1 1 1 1 	1 1 1 1 1 	1 1 	1 1? 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	0 0 OPG-04 370 4 0 	6 0 18 2 0 1 01 7081  2 0 2 0 2 0 4 1 0.969 
OPG-04 350 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 00PG-04 350 0 4 	0 6 1 19 1 0 1 0 0 7 1 8 	0 2 0 2 0 2 1 4 0.031 
OPG-04 330 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10PG-04 330 0 4 	0 6 0 20 0 1 0 1 0 7 0 9 	0 2 0 2 0 2 0 5 0.000 
OPG-04 300 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 00PG-04 300 0 4 	0 6 1 19 1 0 1 0 0 7 1 8 	0 2 0 2 0 2 1 4 0.031 
OPJ-04 2800 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 1 	0 OPJ-04 2800 0 4 	0 6 2 18 0 1 0 1 0 7 0 9 	2 0 0 2 0 2 0 5 0.063 
OPJ-04 2500 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 	1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00PJ-04 2500 0 4 	0 6 2 18 0 1 0 1 2 5 0 9 	0 2 0 2 0 2 0 5 0.063 
OPJ-04 2400 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 	1 1 1 	1 1 	0 0 0 0 0 0 0 0 0 0 0 00PJ-04 2400 0 4 	0 6 6 14 0 1 0 1 6 5 4 	0 2 0 2 0 2 5 0 0.188 
OPJ-04 2401 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 1 1 	1 1 	1 1 	0 0 0 0 0 0 0 0 00PJ-04 2401 0 4 	0 6 7 13 0 1 0 1 0 7 7 2 	0 2 0 2 0 2 5 0 0.219 
OPJ-04 2200 1 	0 0 0 0 0 0 0 0 0 0 0 1 	1 0 0 0 	1 1 1 	1 1 	1 1 	1 0 	1 1 	1 1 	1 1 	0 0 OPJ-04 2200 1 3 	0 6 13 7 0 1 0 1 2 5 8 1 	2 0 2 0 2 0 5 0 0.531 
OPJ-04 1950 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 	1 0 0 	1 10PJ-04 1950 0 4 	0 8 1 19 1 0 1 0 1 6 0 9 	0 21 	1 1 1 1 0 5 0.094 
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OPJ-04 1860 1 	1 1 1 	1 1 	1 1 	1 	1 1 	1 1 	1 1 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 0 	0 OPJ-04 1860 4 0 6 0 19 1 01 01 7 0 9 0 2 0 2 0 2 0 5 0 1.000 
OPJ-04 1800 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 OPJ-04 1800 0 4 0 6 0 20 0 1 0 1 0 7 0 9 0 2 0 2 0 2 0 5 0.-900-  
OPJ-04 1700 1 	1 1 1 	1 1 	1 1 	1 	1 1 	0 1 	1 1 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 0 	10PJ-04 1700 4 0 6 0 18 2 0 1 016  1 

-1- 
9 0 2 0 2 0 2 0 5 0 0.969 

OPJ-04 1600 1 	1 1 1 	1 1 	1 1 	1 	1 0 	1 1 	1 1 1 	1 1 1 	1 1 	1 1 	1 1 	0 1 	1 1 	1 1 	1 1 	00PJ-04 1600 4 0 6 0 17 3 1 0 1 061  8 1 2 0 2 0 2 0 5 0 0.938 
OPJ-04 1520 1 	1 1 1 	1 1 	1 1 	1 	1 0 0 1 	1 1 1 	1 1 1 	1 1 	1 1 	1 1 	0 1 	0 1 	1 1 	1 0 10PJ-04 1520 4 0 16 4 0 1 0 1 5 2 8 1 2 0 2 0 1 1 5 0 0.875 
OPJ-04 1220 0 0 0 0 	1 1 	1 1 	1 	1 1 	1 1 	1 1 0 	1 1 1 	1 1 	1 1 	1 1 	1 1 	0 1 	1 1 	1 1 	00PJ-04 1220 0 4 6 0 18 2 1 0 1 0 6 1 9 0 2 0 2 0 1 1 50 0.813-  
OPJ-04 1180 1 	0 0 0 0 0 0 0 0 0 0 	1 1 	0 0 0 0 1 1 	1 1 	1 0 0 0 0 1 	1 1 	0 1 	1 1 OPJ-04 1180 1 3 0 6 9 11 1 0 1 0 2 5 5 4 2 0 1 1 2 0 5 0 0.406 

OPJ-04 1140 1 	0 0 0 0 0 0 0 	0 	1 0 	1 1 	1 0 0 	1 0 1 	0 1 	1 1 	0 0 	1 0 	1 0 	1 1 	1 1 OPJ-04 1140 1 3 1 5 12 8 1 0 1 0 4 3 5 4 2 0 1 1 1 1 3 2 0. -4-69 
OPJ-04 1070 1 	1 1 1 	1 1 	1 1 	1 	1 1 	1 1 	1 1 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	1 1 	00PJ-04 1070 4 0 6 0 19 1 101  0 7 0 9 0 2 0 2 0 2 0 5 0 1.000 
OPJ-04 1000 1 	0 1 1 	1 0 	1 1 	1 	1 1 	1 0 0 1 1 	1 0 1 	1 1 	1 1 	1 1 	0 1 	1 1 	1 1 	1 0 00PJ-04 1000 3 1 5 1 15 5 0 1 0 1 5 2 7 2 2 0 2 0 2 0 4 1 0.813 
OPJ-04 970 1 	0 0 0 0 1 	0 1 	0 	0 0 E 
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0 	1 1 1 	0 1 1 	1 0 1 	1 1 	1 1 	1 1 	0 1 	1 0 	1 0 	1 1 	00PJ-04 800 4 0 5 1 15 5 1 0 1 0 6 1 7 2 1 1 1 1 2 0 4 1 0.813 

OPJ-04 770 1 	0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 1 1 	0 0 0 0 0 0 0 0 	1 0 	1 0 0 1 	00PJ-04 770 1 3 0 6 4 16 1 0 1 0 1 6 2 7 0 2 1 1 1 1 2 3 0.188 
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OPJ-04 670 0 0 0 0 0 1 	0 1 	0 	0 0 0 0 0 0 0 	1 1 0 	1 1 	0 1 	1 0 0 1 	1 1 	1 0 	1 0 00PJ-04 670 0 4 2 4 8 12 0 1 0 1 1 6 4 1 1 2 0 2 0 3 2 0.406 
OPJ-04 600 1 	1 1 1 	0 0 	1 1 	1 1 	1 1 	0 1 0 	1 0 1 	1 1 	1 1 	1 1 	0 0 	1 0 	1 1 	1 1 	00PJ-04 600 4 0 4 2 15 5 1 0 1 0 5 2 2201  1 1 141  0.750 
OPJ-04 530 1 	1 1 1 	1 1 	1 0 1 1E1 1 	0 1 1 	1 0 1 	1 1 	1 1 	1 1 	1 1 	1 0 	1 1 	1 1 	10PJ-04 530 4 0 5 1 17 3 1 0 1 0 6 1 8 1 2 0 1 1 2 0 4 1 0.875 
OPJ-04 490 1 	1 1 1 	1 0 	1 0 	1 1 1 	0 1 0 0 1 0 	1 0 	1 0 	1 0 0 0 0 0 	1 1 	1 1 	00PJ-04 490 4 0 4 2 11 9 1 0 1 0 4 3 4 5 2 0 1 1 0 2 3 2 0.594 
OPJ-04 470 0 	1 0 0 0 0 	1 0 0 0 0 1 	0 0 0 0 1 1 	1 1 	0 0 0 1 	0 0 0 0 0 0 0 1 	00PJ-04 470 1 3 1 5 6 14 1 0 1 0 1 6 5 4 0 2 0 2 0 2 4 1 0.250 
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2 0 2 3 2 0.094 
OPJ-04 350 1 	0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00PJ-04 350 1 3 0 6 0 20 0 1 0 1 0 7 9 0 2 0 2 0 2 0 5 0.031 
OPJ-04 300 0 0 0 0 0 0 0 0 	1 	0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 00PJ-04 300 0 1 5 2 18 0 1 0 1 1 6 9 1 1 0 2 0 2 0 5 0.094 
OPQ-10 1850 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10PQ-10 1850 0 0 6 0 20 0 1 0 1 0 7 0 9 0 2 0 2 0 2 0 5 0.000 
OPQ-10 1650 1 	1 1 1 	1 1 	1 1 	1 	1 1 	1 1 	0 1 1 	0 1 1 	1 1 	1 1 	0 1 	0 1 	1 1 	1 1 	0 0 00PQ-10 1650 4 0 6 0 14 6 0 1 0 1 5 2 7 2 1 1 2 0 2 0 5 0 0.844 
OP0-10 1500 0 0 0 0 0 0 0 0 0 0 0 	1 0 	1 0 0 0 1 0 	1 0 0 0 0 0 	1 0 0 0 0 0 	1 0 OPQ-10 1500 0 4 0 6 6 14 0 1 0 1 2 5 3 6 1 1 0 2 0 2 2 3 0.188 
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Appendix 3: Primary RAPD data and band frequencies used in Chapter 8. 	 196 

OPB-20 340 0 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 0 0 0 00PB-20 340 0 4 0 6 2 18 01 	1 	0 1 1 6 1 8 0 	2 0 2 0L2  05 0.063 
1627 012 0 2 0 2 1 4 0.094 OPB-20 310 0 0 01 0 0 0 0 0 0 0 	1 0 0 0 0 0 0 0 0 1 	0 0 	1 0 0 0 0 0 0 0 0 0 0 00PB-20 310 04063170101 

OPB-20 300 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00PB-20 300 04060200101070902020205 0.000 
01 070901 202 

2 0 
04_ 2 05 0.188 OPB-20 740 0 0 1 	1 1 	1 1 	0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00PB-20 740 2242020011 

2 0 5 0 1.000 OPG-02 1030 1 	1 1 	1 1 	1 1 	1 1 1 	1 1 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 1 	1 1 	1 1 	1 1 00PG-02 1030 406  0 19 1 
14 

_11 7 0 9 0 	0 
01 	1 	0 	1 3 4 3 6 	I 	2 0 20 2 2 3 0.250 OPG-02 980 1 	0 0 0 1 	0 0 0 0 0 0 1 0 	1 0 0 	1 1 	1 0 0 0 	1 0 0 0 0 0 0 0 0 0 0 0 OPG -02 980 1 3 1 5 6 

OPG-02 940 1 	0 0 	1 0 0 0 0 0 0 	1 1 0 0 0 1 	0 0 0 1 	1 1 	1 0 0 0 0 0 0 0 0 0 0 00PG-02 940 220671301 011 3 4 4 5 	2 0 2 0 2 3 2 0.281 

OPG-02 900 1 	1 1 	1 1 	0 1 	0 1 1 	1 1 1 	1 1 0 	1 1 	1 1 	1 1 	1 1 	1 1 1 	0 0 	1 0 0 0 0 OPG-02 900 4 0 4 2 16 4 0 6 1 9 0 	0 2 1 1 1 1 5 0 0.781 

OPG-02 870 0 	1 1 	1 1 	1 0 	1 1 1 	1 1 1 	0 1 1 	0 0 	1 1 	1 1 	1 1 	1 1 1 	1 1 	1 1 	0 1 	10PG-02 870 315115510105281 1 1 2 0 2 0 4 1 0.813 

OPG-02 840 0 	1 1 	1 1 	1 0 	1 1 1 	1 1 1 	0 0 1 	1 1 	1 1 	1 0 0 0 0 1 1 	0 0 	1 1 	0 0 10PG-02 840 3151128010152541 1 1 1 1 141  0.656 

OPG-02 800 0 0 0 0 0 0 0 0 1 1 	1 0 0 	1 1 0 0 0 0 0 0 0 	1 1 	1 1 0 0 1 	1 1 	1 1 	00PG-02 800 0 4 2 4 10 10 1 01 0344520200205 0.406 

OPG-02 770 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	0 0 0 1 	1 0 00PG-02 770 04062180101070920020205 0.063 

OPG-02 740 1 	1 1 	1 1 	1 1 	0 1 1 	1 1 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 1 	1 1 	1 1 	1 0 10PG-02 740 40511910101709020202050 0.969 

OPG-02 710 0 0 0 0 1 	1 1 	1 1 1 	1 1 0 0 1 0 	1 0 	1 0 	1 0 	1 1 	1 1 1 	1 0 	1 1 	1 1 00PG-02 710 0460137101 04363201 1 2023  0.656 

OPG-02 660 1 	0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 1 0 0 0 	1 1 	1 1 	10PG-02 660 13065151010072720110205 0.188 

OPG-02 600 1 	1 1 	1 1 	0 0 	1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 	1 1 0 0 0 0 0 0 1 	00PG-02 600 40244161010163602020205 0.313 

OPG-02 550 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 0 0 0 0 0 0 0 0 0 0 1 1 	0 0 0 0 	1 1 	10PG-02 550 04063171010161811021105 0.125 

OPG-02 510 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 	0 1 	0 0 0 0 00PG-02 510 0 4 0 6 0 20 	0 0 	1 0 7 0 9 2 1 1 0 2 0 5 0.031 

OPG-02 490 1 	1 1 	1 1 	0 0 0 1 1 	1 1 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 	1 1 1 	1 0 0 0 	1 0 00PG-02 490 4033173010170901 1 0 2 2 0 5 0 0.813 

OPG-02 470 1 	0 1 	1 1 	0 1 	1 0 0 0 1 0 	1 0 0 	1 1 	1 1 	0 0 	1 1 	1 0 0 0 0 0 0 	1 1 	10PG-02 470 31 3 3 10 10 	1 	01 034631 1 0 2 0 2 3 2 0.500 

OPG-02 410 0 	1 1 	1 1 	1 1 	1 1 1 	1 1 1 	1 0 0 	1 1 	1 1 	1 1 	1 1 	1 1 1 	0 0 	1 0 	1 1 00PG-02 410 3160164101052901 1 1 1 1 150  0.813 

OPG-02 390 1 	1 1 	1 1 	1 0 0 0 0 0 0 1 	1 1 1 	1 1 	1 1 	1 1 	1 1 	1 0 0 	1 1 	0 1 	1 1 	10PG-02 390 4 0 2 4 15 5 	1 	0 1 	0 5 2 8 1 0 1 1 1 150  0.719 

OPG-02 360 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10PG-02 360 0 4 0 6 1 19 	0 	1 0 	1 1 6 0 9 2 0 2 0 2 0 5 0.031 

OPG-02 330 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 0 0 0 0 0 0 0 0 0 0 0 0 	1 0 0 0 0 0 10PG-02 330 0 4 0 6 1 19 	0 	1 0 	1 1 6 0 9 2 0 2 1 1 0 5 0.063 

OPG-02 310 1 	1 1 	1 1 	1 1 	1 1 1 	1 1 

0 

1 	1  

0 0 

1 

0 

1 	1 

0 0 0 0 

1???? 
0 0 

1 

0 0 

1 	1 
0 0 

1 
0 

1 	1 

0 0 

1 	1 

0 0 

1 	1 

0 0 

CrOOPG-02 

01  00PG-02 

310 

300 

4 

1 

0 

3 

6 

0 

0 

6 

15 
0 

5 	0 	1 
20 	0 	1 

0 	1 
0 	1 

7 0 5 4 	 0 

2 
2 
0 

0 
2 

2 

0 

0 

2 

1 

0 
4 
5 

0.875 

0.031 OPG-02 300 1 	0 0 0 0 0 0 0 0 0 0 

OPG-02 180 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 	1 1 	1 1 	0 0 0 0 0 0 0 0 0 0 0 00PG-02 180 0 4 0 6 5 15 	0 	1 0 	1 2 0 2 0 2 5 0 0.156 

OP1-04 1400 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 0 0 0 0 OP1-04 1400 0 4 0 6 1 19 	0 	1 0 	1 2 0 2 0 2 0 5 0.031 

OP1-04 1100 0 0 0 	1 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 OP1-04 1100 1 3 0 6 1 19 	0 	1 0 	1 1 6 0 9 	0 2 0 2 0 2 0 5 0.063 

OP1-04 1050 ? 	1 1 	1 1 	1 1 	1 ? 1 	1 0 ? 	0 1 0 	1 0 0 0 	1 0 0 0 	1 0 1 	0 0 	1 0 	1 0 0 OP1-04 1050 3 1 5 1 7 13 	0 	1 0 	1 3 4 2 7 	1 1 1 1 1 1 1 4 0.500 

OP1-04 1950 ? 	1 1? 0 0 0 0 0 1 	1 0 1 	0 1 0 	1 0 0 0? 0 0 0 	1 0 0 0 0 0 0 0 1 	00P1-04 1950 2 2 1 5 5 15 	1 	0 1 	0 4 3 1 8 	0 2 0 2 0 2 0 5 0.250 

OP1 -04 1860 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 	1 0 1 	0 0 0 0 0 0 00P1-04 1860 0 4 0 6 2 18 	0 	1 0 	1 1 6 1 8 	0 2 0 2 1 1 0 5 0.094 

OP1-04 1800 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 	10P1-04 1800 0 4 0 6 0 20 	1 	0 1 	0 0 7 0 9 	0 2 0 2 0 2 0 5 0.000 

OP1 -04 1750 ? 	1 1 	1 1 	1 1 	1 0 1 	1 1 0 0 1 0 	1 0 0 1 	1 0 	1 0 	1 0 1 	0 0 	1 1 	1 0 0 OP1-04 1750 3 1 5 1 11 9 	0 	1 0 	1 4 3 4 5 	2 0 1 1 1 1 2 3 0.625 
OP1-04 1700 0 	1 0 0 0 0 0 0 0 0 	1 0 0 0 0 0 0 0 	1 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 00P1-04 1700 1 3 0 6 2 18 	0 	1 0 1 6 1 8 	0 2 0 2 1 1 1 4 0.125 

OP1-04 1600 0 	1 1 	1 0 0 1 	1 0 1 	1 0 0 0 0 0 0 0 0 0 0 0 0 1 	0 0 0 0 0 0 0 0 0 00P1-04 1600 3 1 3 3 2 18 	0 	1 0 1 6 1 8 	0 2 0 2 0 2 0 5 0.250 

OP1 -04 1510 1 	1 1 	1 1 	1 1 	1 1 1 	0 0 0 0 1 1 	1 1 	1 1 	1 1 	1 1 	1 0 1 	1 0 	1 1 	1 0 0 OP1 -04 1510 4 0 6 0 14 6 	0 	1 0 	1 3 4 8 1 	2 0 1 1 2 0 5 0 0.813 

OP1-04 1450 1 	0 0 0 1 	0 1 	0 0 0? 0 0 0 0 0 0 0 0 0 0 1 	0 1 	1 1 1 	0 0 0 0 0 0 00P1-04 1450 1 3 2 4 4 16 	0 	1 0 	1 0 7 4 5 	0 2 0 2 1 1 1 4 0.250 

OP1-04 1430 0 	1 0 	1 0 0 1 	0 0 1 	0 0 1 	1 1 1 	0 0 0 1 	0 0 	1 0 0 0 0 0 0 0 0 0 0 	10P1-04 1430 2 2 2 4 6 14 	0 	1 0 	1 4 3 2 7 	0 2 0 2 0 2 1 4 0.313 
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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- . 
clicating 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 (2iopb, 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- 

' Received 17June 1998. Accepted 30 December 1998. 
2  Author for reprint requests; e-mail chris.bolch@utas.edu.au . 
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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.kg - ' salinity) (Blackburn et al. 1989) in 50-mL 
Erlenmeyer flasks at 17° C and 80 ilmol PAR•m 2 s and a 12:12 
h LD (light:dark) cycle. The two gymnodinoid species with similar 
morphological features, Gyrodinium uncatenum Hulbert and Gyro-
dinium impudicumFraga (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. catenutum strains (Table 1) 
were grown to late logarithmic phase and 100 mL harvested by 
centrifugation and washed in Tris-HC1 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, PEP 1), 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 degcribed and 15 mL harvested by centri-
fugation at 2000 X g for 5 mm. Growth media were decanted and 
the cells resuspended in 400 111.. of sterile distilled water to lyse 
the cells. The lysate was transferred to a 1.5-mL centrifuge tube, 
50 pi of 10% SDS were added, and this was gently mixed by 
pipette. Then 50 pi of 100 mM STE buffer (100 mM Tris, 100 
mM EDTA, 100 mM NaC1, pH 8.0) were added (Scholin and 
Anderson 1994). Cell lysates were extracted twice with 500 1i1_, of 
Tris-buffered phenol:chloroformisoamyl alcohol (25:24:1) and 
once with 500 pi 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 ILL of TE buffer, and 
reprecipitated by the addition of 200 pi of NaC1-1.6M NaC1, 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 pi of distilled water. Coex-
tracted polysacharrides were removed by precipitation in the pres-
ence of 2M NaC1 (Fang et al. 1992). Extracts were stored at —20° 
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.p.L -1  (by gel standard com-
parison) for RAPD analyses. Initial screening for suitable primers 
was carried out using strains JP01, HU15, DE9305, and SPO4. 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 



, TABLE 1. Origin and isolation details of dinoflagellate strains and additional Gymnodinium catenatum strains isolated from Japan, Spain, and Portugal. ND indicates status uncertain. 

Strain name 
Date 

collected Source Isolator Clonal Allozyme RAPD 

Gymnodinium catenatum 
Australia 

DE02 23 January 1986 Derwent Estuary, Tasmania S. Blackburn + 
DE05 8 January 1987 Derwent Estuary, Tasmania S. Blackburn + + 
DE06 8 January 1987 Derwent Estuary, Tasmania S. Blackburn + + 
DE08 15 June 1987 Derwent Estuary, Tasmania S. Blackburn + + 
DE09 15 June 1987 Derwent Estuary, Tasmania S. Blackburn + + 
DE9301 15 May 1993 Derwent Estuary, Tasmania H. Ling + + 
DE9302 15 May 1993 Derwent Estuary, Tasmania H. Ling + + 
DE9303 15 May 1993 Derwent Estuary, Tasmania H. Ling + + 
DE9304 15 May 1993 Derwent Estuary, Tasmania H. Ling + + 
DE9305 15 May 1993 Derwent Estuary, Tasmania H. Ling + + 
HAO1 29 June 1990 Hastings Bay, Tasmania C. Bolch/S. Blackburn ND + n 
HAO2 29 June 1990 Hastings Bay, Tasmania C. Botch/S. Blackburn ND + + X 
HUO2 6 June 1986 Deep Bay, Huon Estuary, Tasmania S. Blackburn + + + c) 
HU07 15 June 1987 Deep Bay, Huon Estuary, Tasmania S. Blackburn + + H 
HUO8 15 June 1987 Deep Bay, Huon Estuary, Tasmania S. Blackburn + + 2 
HUO9 15 June 1987 Deep Bay, Huon Estuary, Tasmania S. Blackburn + + X 
HUll 20 June 1988 Deep Bay, Huon Estuary, Tasmania S. Blackburn + + rri 

HU15 5 April 1990 Purcell's Bay, Huon Estuary, Tasmania S. Blackburn + + L.—. 
HU16 7 April 1990 Purcell's Bay, Huon Estuary, Tasmania S. Blackburn + + ?) 
HU20 
PTL01-4 

4 April 1990 
17 April 1996 

Killala Bay, Huon Estuary, Tasmania 
Boston Bay, Port Lincoln, South Australia 

S. Blackburn 
C. Bolch 

+ 
+ 

+ 
+ 

tr, 
0 
r 

PTL02 
TRA06 

17 April 1996 
5 March 1993 

Boston Bay, Port Lincoln, South Australia 
Spring Bay, Triabunna, Tasmania 

C. Botch 
M. Ellegaarde 

+ , 
+ 

+ 
+ 

C) 
X 

TRA14 5 March 1993 Spring Bay, Triabunna, Tasmania M. Ellegaarde + + fri 
.--3 

Japan, Spain, and Portugal 
JP01 4 September 1985 Harimanada, Japan S. Yoshimatsu ND + + 
JP03 1995 Harimanada, Japan S. Yoshimatsu/C. Botch + + 
JP10 1986 Senzaki Bay, Japan T. Ikeda + + + 
SNZO1 
SPO1 

1990 
5 November 1985 

Senzaki Bay, Japan 
Ria de Vigo, Spain 

Y. Oshima 
I. Bravo 

il,  + 
+ 

SPO3 5 November 1985 Ria de Vigo, Spain I. Bravo/S. Blackburn + + 
SPO4 5 November 1985 Ria de Vigo, Spain I. Bravo/S. Blackburn + + 
SPO9 5 November 1985 Ria de Vigo, Spain I. Bravo/S. Blackburn + + 
PT01 1986 Figueira da Foz, Portugal E. S. Silva/S. Franca + + 
PT02 August 1989 Aguda, Portugal S. Franca + + + 
PT03 August 1989 Aguda, Portugal M. Sampayo/S. Franca + + + 

Other specis (Australia) 
Gyrodinium uncatenum 1988 Bathurst Harbour, Tasmania S. Blackburn + + 

CS289 
Gyrodinium impudicum 

C5-3 
15 June 1996 Cowans Creek, Hawkesbury, 

Estuary, New South Wales 
C. Bolch + + 
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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 20-4 vol-
umes using thin-walled 200-4 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 MgCl 2 , 200 u.M 
of each dNTP (Promega, Madison, WI), 3 ILL of bovine serum 
albumin (1 mg.mL , Boehringer-Mannheim), and 0.5 p.M of 
primer using PCR buffer IV (Advanced Biotechnologies, 200 mM 
[NH41 2SO 4 , 750 mM Tris-HCI, 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 mm of 94° C denaturation followed by 40 cycles of 94° C for 10 
s, 40°  C for 50 s, and 72 °  C for 2 min and a final extension step 
of 8 min. The entire 20-pl. volume was loaded and electropho-
resed for 1200 v h through 1.5% agarose (Molecular Biology 

Grade, Promega, Madison, WI) dissolved in 1 X TBE buffer con-
taining 0.2 1.i.g.mL - I 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. catenatunt 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 SYSTATa Version 
5.1 statistical software package. 

The distance matrix was subjected to multidimensional scaling 
(MDS) analysis (Kruskal 1964) in two dimensions using SYSTATa, 
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 43 s-r 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 cl), T) 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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RAPD Band frequencies of strains examined. * Bonds excluded from AMOVA analysis. 

Primer 
Total bands 

(N 1 ) 

Polymorphic bands (Nd 
Bands unique 

F > 0.95 0.95 < F > 0.50 0.10> F< 0.50 0.10< F > 0.0. 	to outgroups 

OPB-20 41 0 7 15 14 5 
OPG-02 23 2 9 7 5 0 
OPG-04 37 5 7 11 9 5 
OPG-06 36 0 4 18 14 0 
OPG-15 36 0 15 14 7 0 
OPG-19 33 3 5 15 7 3 
OPI-04 34 0 10 12 10 2 
OPI-09 34 1 6 19 7 1 
OPJ-04 34 3 10 11 8 2 
OPQ03 33 0 12 13 7 1 
OPQ-10 34 2 8 13 8 3 
Total 375 16 93 148 96 22 

euclidean distance of D = 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 (Thble 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 

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

Species/Population N 

Euclidian distance 

Average SD 

Between species 
G. catenatum-G. impudicum 29 0.6951 0.0234 
G. catenatum-G. uncatenum 29 0.6886 0.0245 
G. uncatenum-G. impudicum 1 0.6450 

Within Gymnodinium catenatum 465 0.5817 0.0435 
Between regions 

Japan-Australia 88 0.5952 0.0312 
Spain/Portugal-Australia 110 0.5932 0.0302 
Japan-Spain/Portugal 20 0.5327 0.0526 

Within regional populations 
Australia . 231 0.5840 0.0336 
Japan 6 0.4587 0.0699 
Spain/Portugal 10 0.4572 0.0593 

Between Australian populations 
Huon/Hastings-Derwent 81 0.5902 0.0362 

Within Australian populations 
Derwent 36 0.5686 0.0461 
Huon/Hastings 36 0.5695 0.0259 

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 = 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 (.13s-r), 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- 

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 0.0238 7.8 
Between populations, within regions 0.0156 5.1 
Within populations 0.2669 87.1 

Analysis among populations 
Between populations 0.0292 9.9 
Within populations 0.2669 90.1 

Analysis among regions 
Between regions 0.0312 10.2 
Within regions 0.2762 89.8 
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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 UP); Spain (SP); and Portugal 
(PT). Kruskal stress = 0.249. 

guese strains were significantly different from each 
other (IP' ST = 0.1507, P < 0.001). However, these 
two population samples were not significantly differ- 
ent from the Japanese population ((NT  0.1548, 
(1)sT = 0.1996; P 0.026). Within Australian popu-
lation samples, the Derwent 1987 and 1993 samples 
were significantly different from each other (4) s-,. = 
0.0845, P < 0.001), and each was significantly dif-
ferent from the Huon Estuary population ( tIs-r =- 
0.0562, P = 0.0034; d) ST = 0.0560, P < 0.001, re-
spectively). The Triabunna and Port Lincoln sam-
ples were significantly different from each other 
(41sT = 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 ( 43sT = 0.0359, P = 0.0018). 

When genetic differentiation was considered at a 
regional level, Australian strains were significantly 
different from both Japanese d) - sr = 0.0962, P < 
0.001) and Spanish/Portuguese (cDsT  = 0.0997, P < 
0.001) strains; however, the difference between the 
Japan and Spain/Portugal regions was not signifi-
cant (011) - ST = 0.1404, P = 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-
turn strains only, provided a superior correspon-
dence of the MDS analysis (Kruskal stress = 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 

rodinium 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 = 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. 

Intraspeczfic 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 = 0.718-0.800; see Bolch et al. 1998) were 
larger than those found between two races of the 
common bean, Phaseolus vulgaris (average = 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 = 0.802) 
and those of unrelated individuals of E. globulus (av-
erage = 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 (Buchloe 
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 = 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 = 
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 allozyrne variation between strains of G. catena-
turn 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, ril>lsomal 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. 
catertatum 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 12° to 20° C. 
In southern Tasmanian waters, surface water tem-
peratures are within this range much of the year, 
dropping significantly below 12° 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). Hover, 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 
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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-
candy 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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A method for separating and concentrating living dinoflagellate cysts from marine sediments, using aqueous solutions of 
the nontoxic chemical sodium polytungstate (SPT), is described. A two-phase, step gradient composed of an upper phase 
of filtered seawater and a lower phase of aqueous SPT with a specific gravity of 1.30 g cm -3  efficiently separates inorganic 
particles and organic, detritus, retaining living dinoflagellate cysts and intact pollen grains at the phase interface. A consis-
tently higher number of cyst species were identified in treated samples compared to size-fractionated and panned samples, 
and recovery of living cysts was in excess of 80% of those present in the original sample. Step gradients prepared from 
SPT have the advantage of a lower viscosity and the potential of higher maximum specific gravities, providing flexibility 
in the preparation of gradients and selective recovery of live material. The proposed method is rapid (20-30 min), inex-
pensive, and effective, improving the percentage of living/empty cysts from as little as 4% to as much as 82%. No detectable 
or selective mortality of particular groups was evident, and 25 species of dinoflagellate were successfully germinated from 
treated samples, including those of the toxic species Gymnoclinium catenatum Graham and Alexandrium catenella (Whedon 
et Kofoid) Balech. The methods described here present substantial improvements in the time required for and the detection 
limits of surveys for cysts of toxic dinoflagellates. 

INTRODUCTION 

Many species of planktonic marine and freshwater dinoflag :  
ellates produce a resistant resting cyst (hypnozygote) as part 
of their sexual life cycle. These cysts accumulate in bottom 
sediments where both the live cysts and their discarded spo-
ropollenin-like walls can persist for many years, providing an 
integrated record over time of the cyst-producing dinoflagel-
lates present in the area (Dale 1983). 

Interest in the benthic approach to dinoflagellate ecology 
has assumed special significance for species known to produce 
paralytic shellfish poisoning (PSP) toxins. The most prevalent 
are species of Alexandrium, Pyrodinium bahanzense Plate, and 
the chain-forming Gymnodinium catenatum Graham. Blooms 
of these species are often short lived, and their detection is 
difficult even with comprehensive plankton monitoring pro-
grams. Consequently, sediment surveys for the benthic resting 
cysts is a more cost effective and reliable method for mapping 
the distribution of cyst-forming toxic species. 

Surveys for dinoflagellate cysts usually involve the sam-
pling of surface sediment followed by sonication and size 
fractionation to retain the 20-100-p.m size range (Matsuoka 
et al. 1989). Sediment processed in such a way also contains. 
varying amounts of inorganic sand particles and organic de-
tritus. Organic material and cysts can be partially separated 
from sand by a process of 'panning' (e.g. Matsuoka et al. 
1989; Bolch & Hallegraeff 1990). The organic fraction is then 
examined microscopically for dinoflagellate cysts. Although 
this process is rapid and simple, it can be difficult to find and 
identify cysts for a variety of reasons. First, it may be difficult 
to obtain sediments that have a high organic content; sandy 
sediments, for example, can have very low concentrations of  

cysts. Second, in sediments with high concentrations of or-
ganic material it is difficult and time consuming to find cysts 
for identification. Third, despite forming dense .  blooms, cysts 
of Alexandriunz species (e.g. A. minutum Halim) and partic-
ularly G. catenatum often represent only a small percentage 
(< 5%) of the total cyst assemblage, further reducing the 
probability of detection. Finally, Alexandrium species form 
clear, ovoid, cylindrical, or spherical mucilaginous cysts that 
are easily overlooked unless fluorescently stained with Prim-
uline (Yamaguchi et al. 1995) and impossible to conclusively 
identify without germination experiments on living cysts. 
Many nontoxic species of Fragilidium, Scrippsiella, Ensicu-
lifera, Gymnodiniunz, and Gyrodinium produce similar cysts 
(Bolch & Hallegraeff 1990), further increasing the chances of 
misidentification. In addition, some Alexandriuni species in-
clude both toxic and nontoxic strains, and before warning 
shellfish industries, cyst surveys must .include germination ex-
periments to verify identifications and toxicity. 

Another approach for the concentration of cysts is density-
gradient centrifugation. This process is widely used in mineral 
separations and, in the past few decades, increasingly in bio-
logical applications. The colloidal silica solution Percoll has 
been • used successfully for the isolation of meiobenthos 
(Schwinghamer 1981), benthic protozoa (Alongi 1986), and 
live microalgae (Price et al. 1978). However, the maximum 
specific gravities (SG) achievable (1.15 g 1 - ') are not enough 
to retain most dinoflagellate cysts (Anderson et al. 1995). 
Higher SG can be achieved with a similar colloidal silica 
preparation called Ludox TM (Dupont Nemours), which has 
been used successfully to recover living Scrippsiella cysts 
from marine sediments (Blanco 1986). However, Ludox is 
stored in sodium hydroxide, which is toxic to most organisms. 
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Ludox also forms a thick gel on contact with solutions con-
taining high levels of cations, such as seawater, requiring sam-
ples to be prewashed in Milli-Q water (Blanco 1986). The 
nontoxic colloidal silica called Nalco 1060, combined with 
sucrose, has been used for the separation of living dinofla-
gellate cysts and can achieve specific gravities of 1.405 g 1 - ' 
(Schwinghamer et al. 1991). However, all colloidal silica so-
lutions have the disadvantage of being relatively viscous even 
at low SG, and materials cannot be recycled. 

During a genetic study of Australian and overseas strains 
of G. catenatum it became necessary to establish a wide range 
of laboratory cultures of this species. Although the large, mi-
croreticulate cyst of G. catenatum is easily recognized (An-
derson et al. 1988; Bolch & Hallegraeff 1990), at many col-
lection sites living cysts either appeared to be absent or pres-
ent in very low concentration (Bolch & Hallegraeff 1990; Ma-
tsuoka & Fukuyo 1994; Qi et al. 1996). A density 
centrifugation method for the selective retention of live cysts 
was developed using the chemical sodium polytungstate 
(SPT), a nontoxic chemical that forms neutral aqueous solu-
tions. Sodium polytungstate is gaining favor for mineral and 
palynological separations (Gregory & Johnston 1987; Savage 
1988; Munsterman & Kerstholt 1996) and separation of ben-
thic invertebrates from sediment (Robinson & Chandler 1993) 
and has the advantage of achieving high SG (up to and ex-
ceeding 3.0 g 1 - ') while retaining low viscosity. A method is 
presented for obtaining samples selectively enriched with liv-
ing dinoflagellate cysts; this procedure can be carried out 
within 20-30 min using sonicated and size-fractionated sam-
ples. Live cells of most of the extant cyst-forming genera rep-
resented in the test samples could be germinated after treat-
ment. Although SPT is a relatively expensive chemical, so-
lutions can be easily recycled by filtration and evaporation to 
densities above that used for processing. At the densities and 
volumes used here, the cost per sample is very low; 250 g of 
SPT is sufficient for more than 300 samples before it is nec-
essary to recycle the SPT by evaporation. 

MATERIALS AND METHODS 

Sediment sampling and preparation 

Surface marine coastal sediments were collected from two 
sites in southeastern Tasmania, Australia—Sullivans Cove in 
the Derwent River and Long Bay near Port Arthur—and one 
site at Cowans Creek in the Hawkesbury River Estuary, NSW, 
using a simple surface grab sampler or diver-collected core 
samples. Subsamples of the surface 5 cm were placed into 
plastic containers, sealed tightly, and stored in the dark at 4°C 
until further examination. 

Approximately 2 cm 3  of wet sediment was mixed with c. 
30 ml of filtered seawater (FSW) to obtain a watery slurry. 
The sediment suspension was sonicated for 2 min (Braun Lab-
sonic homogenizer, intermediate probe, 150-200 watts) to dis-
lodge detritus. The sample was then passed through a 90 p.m 
sieve and collected on a 20 p.m sieve (Bolch & Hallegraeff 
1990). The 20-90 p.m fraction was resuspended in 10-20 ml 
of FSW and added to density gradients as described below. 
For quantitative estimates of cyst abundance in test samples,  

the weight of wet sediment used and the final volume of the 
sieved suspension were recorded. 

Density separations 

Stock solutions of sodium polytungstate (Sometu Ltd, sodium 
metatungstate) were prepared at a density of approximately 
2.4 g cm -3  by dissolving 75 g of SPT in 25 ml of Milli-Q 
(MQ) water as described by the manufacturer's instructions. 
From this solution other preparations of specific gravity 1.2, 
1.3, 1.4, and 1.6 g cm -3  were made in MQ water by addition 
of appropriate amounts of the stock SPT. Step gradients were 
prepared in 10-ml screw-capped polyethylene centrifuge tubes 
(Sarstedt) by placing 7 ml of sieved FSW/sediment suspension 
in the tube. Three milliliters of SPT solution was layered care-
fully beneath the sediment suspension using a Pasteur pipette. 
Alternatively, the FSW/sediment suspension could be layered 
onto the SPT solution with care taken not to disturb the den-
sity interface. Completed gradients were then centrifuged for 
10 min at 1600 x g. 

After centrifugation, the interface could be clearly recog-
nized owing to the accumulation of organic material and cysts. 
This material and most of the overlaying FSW was removed 
by Pasteur pipette, thereby reducing the density of the recov-
ered solution. The recovered material was pipetted directly 
into a fresh tube and centrifuged at 1000 x g for 2 min to 
pellet the recovered cyst material. The supernatant was re-
moved and the cysts resuspended in 5 ml of fresh FSW, then 
pelleted as before. The final concentration of the recovered 
cysts could then be manipulated by reduction of the remaining 
FSW to the desired volume (0.2-2.0 m1). 

Cyst relative abundance and concentration 

For comparative purposes, estimates of live cyst and germi-
nated cyst abundances were carried out on all samples after 
sieving and panning and after processing through a 1.0/1.30 
g ml - ' stepped SPT gradient. Subsamples of each were placed 
on wet-mount glass slides and examined microscopically un-
der a Zeiss Axioplan light microscope. Live cyst concentra-
tions in the Port Arthur sample were estimated by direct count 
using a 1.0 ml Sedgewick-Rafter chamber. Estimates were 
made after sieving, but before panning, and after SPT gradient 
centrifugation. Counts were carried out in triplicate, noting the 
number of live cysts of each species. 

Germination experiments 

Individual cysts were isolated by micropipette, washed in 
growth medium (GSe medium, Blackburn et al. 1989) on a 
fresh slide, and transferred to a 36-mm petri dish containing 
2 ml of GSe medium. One-milliliter aliquots of SPT-recovered 
cyst suspension were also inoculated directly into 55-mm petri 
dishes containing 10 ml of GSe medium. Dishes were sealed 
with Parafilm, incubated at 17°C under cool white fluorescent 
light (80 pAnol photons m -2  s - ') with a 12 h: 12 h light : dark 
cycle, and examined regularly for germination. Excysted cells 
were examined by microscopy, and the species present was 
recorded. 
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Fig. 1. Proportion of empty cysts (white) and living cysts before (black) and after (shaded) SPT treatment through a 1.0/1.25 g cm -3  step gradient. 

RESULTS AND DISCUSSION 

Sodium polytungstate has previously been used for density 
separations of palynological preparations, replacing the highly 
toxic Bromoform formerly used. Optimal recovery of dinofla-
gellate cyst walls was achieved with an SPT SG of 2.1 g cm -3 , 
showing a marked improvement in the cyst diversity and re-
covery of rare morphotypes. -  Higher SGs resulted in reduced 
recovery and a marked increase in organic material (Muns-
terman & Kerstholt 1996). 

Empty walls have a higher SG than intact cysts, which have 
densities in the range 1.05-1.39 g cm-3  for the calcified 
Scrippsiella trochoidea Stein (Loeblich III), and 1.15-1.30 g 
cm-3  for Alexandrium fundyense Balech (Anderson et al. 
1985). Schwinghamer et al. (1991) has shown that cysts of A. 

fundyense and S. trochoidea are recovered from linear density 
gradients of Nalco 1060 within the range 1.13-1.27 g cm -3, 
with a clear mode of 1.22 g cm -3 . 

Pilot experiments were carried out to assess the appropriate 
density level to retain dinoflagellate cysts with a minimal 
amount of inorganic and organic material. Port Arthur sedi-
ment was used because it was known to contain a high di-
versity and concentration of living dinoflagellate cysts (Bolch 
& Hallegraeff 1990). Step gradients of FSW/SPT with a lower 
phase SG of 1.6, 1.4, and 1.2 g cm -3  all yielded live dinofla-
gellate cysts. A lower phase SG of 1.6 g cm -3  retained living 
cysts of all species known to be present. A considerable 
amount of organic detritus, diatoms, and pollen grains were 
also retained. A lower phase SG of 1.4 g cm -3  retained intact 
cysts, spores, and pollen grains and enough organic detritus 
to interfere with locating dinoflagellate cysts. A 1.2-g cm -3  
lower phase retained living cysts and intact pollen grains al-
most exclusively; however, the relative abundance of calcitic 
cysts was reduced. All following experiments were carried out 
with a lower phase SG of 1.30 g cm -3, which was slightly  

above the modal densities reported by Schwinghamer et al. 
(1991). 

The proportion of living cysts compared to empty cysts in 
SPT-recovered samples was substantially improved, to above 
80% in all three trial samples (Fig. 1, Table 1). Final cyst 
concentration in the processed sample can be manipulated by 
reducing the volume to a desirable level in the final centri-
fugation step. Routinely, the volume can be reduced to less 
than 0.5 ml, allowing the entire sample to be mounted on a 
single microscope slide. 

The relative abundance of different species and the per-
centage of live cysts in untreated and SPT-treated samples are 
shown in Table 1. An increased range of cyst morphotypes 
could be identified from SPT-treated samples in each of the 
three samples used, with an additional seven distinct morpho-
types being identified in treated samples. This phenomenon is 
due to, first, the decrease in detrital background and empty 
cysts, combined with the increased concentration of cysts, 
which allows a vastly greater effective volume of sediment to 
be screened within a similar period of time, and second, the 
selective enrichment of rare but mostly intact cyst types in 
preference to common but usually empty cyst types. This is 
evidenced most clearly in the Sullivans Cove sample, which 
was overwhelmingly dominated by empty cysts. The number 
of species recognized increased partly because of a greater 
cyst count than in the pretreated sample; however, cysts of 
Cochlodinium sp. 1, which were not encountered in previous 
studies (Botch & Hallegraeff 1990), formed nearly 13% of the 
posttreatment assemblage. This probably represents a rare, 
mostly living cyst type, undetected in sieved and panned sed-
iments. Notably, several live P. reticulatum cysts, not previ-
ously detected by the author in the living state in coastal sed-
iment samples from southeastern Tasmania, were found in the 
posttreated Sullivans Cove sample. 

Shifts in relative abundance after SPT treatment would logi- 



Table 1. Dinoflagellate cyst species relative abundance (as % of both living and empty cysts) and the proportion of living cysts of each morphotype (%) within and across the three 
sediment samples prepared by size fractionation and panning (pre-SPT) and SPT-density centrifugation (post-SPT) using a 1.0/1.25 gl - I step gradient. Total cyst count and percentage of 
live cysts in each sample are shown at the foot of the table. - denotes not present. 

Species 

Pre-SPT treatment Post-SPT treatment 

Cowans Creek Sullivans Cove Port Arthur Total Cowans Creek Sullivans Cove Port Arthur Total 

Scrippsiella and allied spp. 
Scrippsiella lachtymosa 0.9 (50) 0.4 (50) 0.6 (100) - 0.3 (100) 
Scrippsiella trochoidea ' 	1.8 (50) 1.4 (100) 21.4 (46) 6.3 (50) 0.6 (100) 1.7 (80) 1.3 (100) 1.2 (89) 
Scrippsiella spp. (mucoid spp.) 8.8 (75) 2.2 (100) 25.0 (71) 10.6 (75) 24.4 (88) 29.5 (80) 48.7 (93) 31.1 (87) 
Scrippsiella cf. imariense 2.2 (60) 0.9 (100) 1.3 (67) 1..2 (100) - 2.6 (100) 1.0 (100) 

Gonyaulacoid spp. 
Alexandrium catenella 16.7 (47) - - 7.9 (47) 12.2 (100) - 5.1 (100) 
Alexandrium sp. 1.3 (33) 0.6 (33) 2.1 (100) - 0.9 (100) 
Fragilidium cf. subglobosum 7.9 (56) - 0.9 (100) 4.0 (58) 13.1 (95) 3.1 (100) 1.9 (100) 7.1 (96) 
Protoceratium reticulatum 32.9 (0) 61.2 (0) 33.4 (0) 0.9 (100) 5.8 (29) 1.3 (50) 2.8 (41) 
Lingulodinium hemicystum 3.5 (0) - 1.7 (0) 1.8 (83) - 0.8 (83) 
Lingulodinium sp. 0.3 (100) - 0.1 (100) 
Gonyaulax digitalis - 0.3 (100) 0.3 (100) - 0.3 (100) 
Gonyaulax scrippsae 0.4 (0) - 0.2 (0) 1.2 (100) 0.7 (50) 0.6 (100) 0.9 (86) 
Gonyaulax spinifera - - _ 

type: Spiniferites membranaceus 0.7 (0) 0.2 (0) 1.0 (100) - 0.4 (100) 
Spiniferites mirabilis 0.4 (0) 26.6 (0) 7.9 (0) 2.0 (33) 0.8 (33) 
Spiniferites ramosus 0.4 (0) 6.5 (0) 8.0 (22) 4.0 (11) 0.9 (100) 3.1 (89) 2.6 (100) 2.1 (94) 

Pyrocystis lunula - 4.4 (100) - 1.7 (100) 

Peridinoid spp. 
Protoperidinium americanum 0.7 (50) 0.3 (50) 
P. conicum 2.2 (0) 1.0 (0) 0.3 (100) 0.3 (100) - 0.3 (100) 
P. leonis - - 0.3 (100) 0.3 (100)) 0.3 (100) 
P. minutum 0.9 (0) 0.4 (0) - 0.3 (100) 0.1 (100) 
P. oblongum 0.4 (100) 0.7 (0) 1.8 (50) 0.8 (50) 1.2 (100) 0.6 (100) 0.6 (100) 
P. subinerme 0.4 (0) 0.2 (0) - 0.7 (100) - 0.3 (100) co 
P. cf. bipes - 2.7 (100) 0.6 (100) 1.9 (100) 0.4 (100) 
P. pentagonum 1.3 (33) 0.6 (33) 0.9 (100) 0.6 (100) 0.5 (100) 
Protoperidinium spp. (undifferentiated) 3.5 (38) 11.6 (23) 4.4 (29) 7.6 (80) 18.3 (78) 7.1 (82) 11.6 (79) C 

Diplopelta parva 2.2 (0) 0.7 (0) 1.3 (0) 0.9 (100) - 0.4 (100) 
Zygabikodinium lenticulatum - 2.7 (33) 0.6 (33) 1.2 (100) - 1.9 (100) 0.9 (100) 

Gymnodinoid spp. 
Gymnodinium catenatum 1.8 (25) 11.6 (62) 3.5 (53) 2.7 (100) 2.0 (83) 13.0 (100) 4.5 (97) cro 
G. catenatum (small form) 1.0 (33) - 0.4 (33) 

Cochlodinium sp. 1 - 1.2 (100) 12.9 (100) 0.6 (100) 5.5 (100) 
Cochlodinium sp. 2 0.4 (100) 0.9 (100) 0.4 (100) - 0.6 (100) 0.1 (100) 
Polykrikos schwartzii 
Phaeopolykrikos cf. hartmannii 

3.1 
3.5 

(0) 
(50) - 

4.5 (40) 2.5 
1.7 

(17) 
(50) 

0.6 
2.4 

(100) 
(100) 

0.7 
- 

(100) 6.5 (100) 1.8 
1.0 

(100) 
(100) co 

Incertae sedis CD 

Cyst type A (conical spines) 2.6 (17) - - 1.3 (17) 10.1 (85) - 4.2 (85) 
Undifferentiated mucoid (several spp.) 0.4 (0) - 8.0 (100) 2.1 (90) 10.7 (97) 11.2 (100) 7.8 (100) 10.3 (99) 

Total count [n (% living)] 228 (27) 139 (4) 112 (56) 479 (27) 328 (93) 295 (82) 154 (95) 777 (89) 
Cyst morphotypes identified 25 8 13 28 26 21 17 35 



G.
  c

at
en

at
um

  

Al
ex

an
dr

iu
m

  s
p

p  

30 - 

20 - 

10 - 

0 

In
ce

rta
e  

Se
di

s  

Pre-SPT 

Post-SPT 

■ 101 

476 	Phycologia, Vol. 36 (6), 1997 

Table 2. Group-relative species abundance as a percentage of total cysts (living and empty), and percentage of living cysts of each group (in 
brackets) before and after SPT treatment. 

Species group 

Pre-SPT treatment Post-SPT treatment 

CC SC PA Total CC SC PA Total 

A lexandrium spp. 18.0 (46) 8.6 (46) 14.3 (100) 6.0 (100) 
Other gonyaulacoid spp. 45.6 (10) 95.0 (0) 8.9 (30) 51.4 (5) 18.6 (95) 20.3 (70) 6.5 (90) 16.9 (83) 
Gymnodinium catenatum 1.8 (25) 11.6 (62) 3.5 (53) 2.7 (100) 3.1 (67) 13.0 (100) 4.9 (92) 
Other gymnodinoid spp. 7.0 (31) 5.4 (50) 4.6 (36) 4.3 (100) 13.6 (100) 7.8 (100) 8.5 (100) 
Peridinoid spp. 11.0 (20) 1.4 (0) 18.8 (38) 10.0 (27) 12.5 (88) 20.7 (79) 12.3 (89) 15.6 (83) 
Mucoid Scrippsiella spp. 11.0 (72) 2.2 (100) 25.9 (72) 11.9 (74) 25.6 (88) 29.5 (80) 51.3 (94) 32.2 (87) 
Calcified Scrippsiella 2.6 (50) 1.4 (100) 21.4 (46) 6.7 (50) 1.2 (100) 1.7 (80) 1.3 (100) 1.4 (91) 
Incertae sedis 3.1 (14) 8.0 (100) 3.3 (63) 20.7 (91) 11.2 (100) 7.8 (100) 14.5 (95) 

cally be expected due to the differing proportions of live and 
empty cysts of each species. As expected, species such as P. 
reticulatum and Gonyaulax spp., which are mostly present as 
empty cyst walls, show large decreases in relative abundance 
(but higher proportion of live specimens) after treatment. Despite 
previous data which suggest that calcified Scrippsiella species 
have a similar SG to other species, they are under-represented 
after SYYT treatment at 1.30 g cm -3  (Table 2). This is most evident 
in the Port Arthur sample where they comprise more than 21% 
of the cysts before treatment and only 1.3% after treatment. 
Based on living cyst proportion prior to treatment, they should 
represent at least 7% in SPT-treated samples. 

The relative abundances of species groups before and after 
treatment, as a proportion of only the living cysts (as opposed 
to total living and empty), are similar with the exception of a 
16% decrease in calcified Scrippsiella spp. and an 18% rise 
in the abundance of spherical mucoid Scrippsiella spp. (Fig. 
2). Data from Schwinghamer (1991) show that 95% of A. 
fundyense cysts retained were recovered from a SG less than 
1.22, compared with 80% of S. trochoidea cysts. This suggests 
S. trochoidea has a larger fraction of cysts with a SG ap-
proaching the SG of the lower phase used in this study; how- 

ever, this seems insufficient to explain the poor retention of 
this species. Comparative losses of calcitic cysts and gains of 
noncalcitic cysts after treatment were almost identical (Fig. 2) 
suggesting that acid decalcification of spines (Watanabe et al. 
1982) during SPT treatment was responsible for the noted 
abundance shifts. Despite information supplied with SPT 
which states that aqueous SPT solutions are 'neutral', SPT 
solutions were found to be acidic, ranging from pH 4.1 for a 
SG of 2.4 g cm-3  to pH 4.9 for a SG of 1.3 g cm-3. To 
counteract this problem, SPT solutions were prepared in phos-
phate buffer (pH 7.0 and 8.0). After repeating the density sep-
arations with buffered SPT, calcified S. trochoidea cysts could 
be recovered after treatment at a similar relative abundance to 
that before treatment (data not shown). SPT solutions can also 
be prepared with Tris-EDTA buffers or other buffers not con-
taining calcium ions, which precipitate as calcium tungstate 
when added to SPT solutions (Sometu product notes). How-
ever, it should be noted that using buffered SF!' solutions will 
ultimately limit the ability to effectively recycle SPT by evap-
oration due to the gradual accumulation of dissolved salts. 

The percentage recovery of cysts is a serious concern with 
density centrifugation methods. Previous studies of cyst yield 

Fig. 2. Changes in the relative abundance of species of living cysts before (white) and after (shaded) SPT treatment through a 1.0/1.25 g cm -3  
step gradient. 
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Table 3. Species successfully germinated after SPT-density centrifu-
gation. 

Species germinated 

Scrippsiella and allied species 
Ensiculifera sp. 
Scrippsiella trocho idea 
Scrippsiella sp. 

Gonyaulacoid spp. 
Alexandrium catenella 
Fragilidium cf. subglobosum 
Gonyaulax spintfera 

Peridinoid spp. 
Diplopelta parva 
Protoperidinium americanum 
P. cf. avellana 
P cf. bipes 
P. conicum 
P. leonis 
P. cf. minutum 
P. oblongum 
P. pentagonum 
P. sub inerme 
Zygabikodinium lenticulatum 

Gymnodinoid spp. 
Cochlodinium sp. 1 
Cochlodinium sp. 2 
Gymnodinium catenatum 

o Gymnodinium cf. simplex 
Gymnodinium spp. (2-3 spp.) 
Gyrodinium sp. 1 
Nematodinium armatum 
Polykrikos schwartzii 

from step gradient density centrifugation using Ludox-TM 
have shown questionable and contradictory results. Blanco 
(1986) reported an increase in cysts g - ' estimates of L. po-
lyedra through a 1.0/1.2/1.4 g cm -3  step gradient, ranging 
from 21-40%, with no losses to the bottom pellet (Blanco 
1986). On the other hand, Yamaguchi et al. (1995) reported 
losses of up to 50% of Alexandrium tamarense (Lebour) Bal-
ech cysts through Ludox-TM gradients using Primuline fluo-
rescent staining, although they did not state whether the losses 
represented empty cysts (which also stain) or living cysts. In 
the present study, the recovery of living cysts by means of a 
1.0/1.30 g cm -3  SPT step gradient was estimated using the 
Port Arthur sediment sample because of the high concentra-
tion of live cysts in untreated (sieved) sediment. Estimated 
living cyst concentration before treatment was 1930 (s.d. 80) 
cysts g - '; following SPT treatment we recovered 1600 (s.d. 
158) cysts g - ', representing an 83% recovery of living cysts. 

Representatives of almost all cyst-forming genera could be 
successfully germinated in growth medium after SPT treat-
ment. At least 25 different germinated species from ten genera 
could be identified (Table 3). In addition to the dinoflagellate 
cysts, several species of diatoms and cyanobacteria were also 
noted growing in germination dishes, indicating that many 
other organisms can survive the SlPT processing. Significantly, 
cysts of several species not previously known from the sam-
ples were germinated, and two previously unknown cyst forms 
were identified and germinated, demonstrating the improve-
ment in detection of rare cyst types (data not shown). All cysts 
that were individually isolated after treatment could be ger- 

minated. Additionally, after incubation of cyst concentrates in 
larger petri dishes for 2 wk, most cysts were empty, presum-
ably having released viable progeny. 

Surveys for the cysts of the toxic species Alexandrium spp. 
and G. catenatum, which are often present at low concentra-
tions in coastal marine sediments, require screening larger vol-
umes of sediment, and therefore increased amounts of time to 
microscopically examine the processed samples. The recently 
developed Primuline fluorochrome staining method can sig-
nificantly reduce the time required to microscopically scan 
sieved material (Yamaguchi et al. 1995). However, it stains 
only Alexandrium species and the contents of some Protoper-
idinium, Scrippsiella, and Pyrophacus species, limiting its use 
to targeted surveys of Alexandrium spp. Also, the method is 
only effective with fixed (glutaraldehyde and methanol) ma-
terial, staining less than 10% of Alexandrium cysts in unfixed 
samples (Yamaguchi et al. 1995). The cysts of many Alex-
andrium species are indistinguishable from each other [e.g. A. 
tamarense, A. catenella, A. cohorticula (Balech) Balech], and 
nontoxic strains are known in some species. Therefore, the 
conclusive identification of Alexandrium species relies not 
only on the visual identification, but also germination and 
identification of the motile cells. 

Both the time required to locate, and the probability of de-
tecting live cysts are substantially reduced.by  the SPT method 
described, allowing efficient and reliable sediment surveys for 
cysts. However, it would be unwise to rely completely on this 
approach for surveys of toxic sPecies, as was suggested by 
Schwinghamer et al. (1991), who used Nalco 1060. Density 
centrifugation at SGs significantly lower than 2.1 g cm -3  has 
the potential to reduce the concentration of cyst morphotypes 
for species that are often present almost entirely as empty cyst 
walls, such as G. catenatum. The advantage of using SPT step 
gradients is that higher SGs are achievable at low viscosity 
compared with other agents (e.g. Ludox-TM, Nalco 1060). 
Therefore, the risk of reduced detection of empty cyst types 
can be substantially removed by processing samples through 
a three-step gradient consisting of SG 1.0, 1.3, and 2.1 g cm -3  
and examining live material at the 1.0/1.3 g cm-3  interface 
and empty specimens at the 1.3/2.1 g cm -3  interface. 

In summary, the use of sodium polytungstate density gra-
dient centrifugation provides an improved and more flexible 
method for the concentration, identification, and enumeration 
of living dinoflagellate cysts in natural sediments. 
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Gymnodinium microreticulatum sp. nov. (Dinophyceae): 
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C.J.S. BOLCH, A.P. NEGRI, AND G.M. HALLEGRAEFF. 1999. Gymnodinium microreticulatum sp. nov. (Dinophyceae): a naked, 
microreticulate cyst-producing dinoflagellate, distinct from Gymnodinium catenatum and Gymnddinium nolleri. Phycologia 
38: 301-313. 

A new microreticulate cyst-producing dinoflagellate, Gymnodinium microreticulatum Bolch et Hallegraeff (Gymnodini-
aceae), is described from laboratory cultures established from germinated cysts collected from Newcastle Harbour, New 
South Wales, Australia. The species is a small, ovoid to biconical dinoflagellate with an anticlockwise apical groove encir-
cling the apex. The vegetative cell and cyst features and the chloroplast structure and pigment composition are similar to 
those of the only , two other known species forming microreticulate cysts, the PSP-toxin producer Gymnodinium catenatum 
Graham and the nontoxic Gymnodinium nolleri Ellegaard et Moestrup. Gymnodinium microreticulatum is also nontoxic, but 
the cysts (17-28 1.1,m in diameter) are much smaller and the vegetative cells (20-34 pin long, 15-22 p.m wide) do not form 
chains and have a prominent, large nucleus positioned in the epicone of the cell. The cingulum is a descending left spiral 
that is displaced one fourth to one third the length of the cell with no torsion. DNA sequencing of the Dl-D2 region of the 
large subunit ribosomal RNA gene indicates that the new species is genetically distinct (> 15% divergence) from but closely 
related to G. nolleri, G. catenatum, and several other gymnodinioid dinoflagellates with a horseshoe-shaped apical groove, 
a group that includes the type species Gymnodinium fuscum Stein. 

INTRODUCTION 

The 'resting cyst (hypnozygote) of the chain-forming, toxic 
dinoflagellate Gymnodinium catenatum Graham was first de-
scribed from incubated plankton samples from the Ria de 
Vigo, Spain (Anderson et al. 1988). The spherical, red-brown, 
organic-walled cysts show a unique rnicroreticulate surface 
ornamentation, which reflects the amphiesmal vesicles of the 
vegetative cells, including those delineating the cingulum, sul-
cus, and horseshoe-shaped apical groove. Since, the original 
description, microreticulate cysts have been reported from an 
increasing number of sites worldwide (reviewed by Halle-
graeff & Fraga 1998), including areas where plankton cells of 
G. catenatum have rarely or never been recorded, such as the 
Baltic Sea (Ellegaard et al. 1993), the North Sea (Nehring 
1993, 1997), the Mediterranean Sea (Montresor et al. 1998), 
the south China coast (Qi et al. 1996), and the Victorian coast 
of mainland Australia (Sonneman & Hill 1997). 
• During a survey of Tasmanian coastal waters for dinofla-
gellate cysts, small cysts (17-22 p.m) with microreticulate 
markings identical to those of G. catenatum cysts were found 
to co-occur at low frequency with typical G. catenatum (43— 
62 1,,rn in diameter) cysts (Bolch & Hallegraeff 1990). A sin-
gle live cyst was germinated to produce a small, gymnodi-
nioid, two-celled chain that unfortunately did not survive; this 
alga was referred to as Gymnodinium sp. 1 (Bolch & Halle- 

•graeff 1990, fig. 34). Consequently, the relationship of these 
cysts to G. catenatum remains unknown. It had been sug-
gested that they may be cysts of a 'small-chain G. catenatum' 

* E -mail: cjsb@wpo.nerc.ac.uk  

known from bloom areas in Spanish waters (Bolch & Halle-
graeff 1990); however, these cells have since been described 
as a distinct species, Gyrodinium impudicum Fraga et Bravo 
(Fraga et al. 1995), that produces a clear-walled, flattened mu-
coid cyst (Sonneman & Hill 1997; K. Matsuoka, personal 
communication). 

In Tasmanian coastal estuaries, the 'small' microreticulate 
cyst type is rare and almost always empty or nonviable. As a 
result, isolation of live cysts and germination experiments 
have not been successful. However, during an intensive survey 
of dinoflagellate cysts from a number of coastal sites in south-
ern Australia, we discovered a site from which several live 
cysts could be successfully isolated. In this article, we de-
scribe the small microreticulate cysts and the corresponding 
vegetative cells of a new species, Gymnodinium microreticu-
latum sp. nov., that is shown to be morphologically and ge-
netically distinct from Gymnodinium catenatum Graham. 

MATERIAL AND METHODS 

Sediment collection and processing 

Surface marine coastal sediment cores were collected by 
SCUBA diving from several pods and estuaries: Mackay 
(Queensland), Newcastle (New South Wales), Port Lincoln 
(South Australia), Albany, Sunbury, Port Hedland (Western 
Australia), and southern Tasmania. Subsamples of the top 5 
cm of sediment were placed into plastic containers, sealed 
tightly, and stored in the dark at 4°C until further examination. 
Approximately 2 cm3  of wet sediment was mixed with 30 ml 
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of filtered (Whatman GFC) seawater (FSW) to obtain a watery 
slurry. The sediment suspension was sonicated for 2 min 

; ,n Labsonic homogenizer, intermediate probe, 150-200 
iislodge detritus. The sample was then passed through 

a 90 -11,m sieve and collected on a 20-1.1,m sieve (Bolch & Hal-
legraeff 1990). Living and intact cysts were concentrated by 
density gradient centrifugation (1.0/1.3 Xg cm-3  stepgradient) 
using sodium polytungstate (sodium metatungstate, Sometu 
Ltd.) as described by Bolch (1997). Cyst concentrates were 
examined as wet mount slides using a Zeiss Axioplan micro-
scope. Live cyst specimens were photographed and isolated 
as described below. 

isolation and laboratory culture 

Individual cysts were isolated by micropipette, washed in 
growth medium (GSe medium, Blackburn et al. 1989) on a 
fresh slide, and transferred to a 36-mm polystyrene petri dish 
containing 2 ml of GSe medium. Petri dishes were sealed with 
Parafilm and incubated at 20°C under cool white fluorescent 
light (80-100 Kmol photons m -2 s - ') with a 12 h: 12 h light : 
dark cycle and examined regularly for germination. After ger-
mination, cyst walls were examined by light microscopy, and 
excysted cells were cultured under the conditions described 
above. 

Cultures used in this investigation are held by the Univer-
sity of Tasmania, School of Plant Science Algal Culture Col-
lection (Hobart, Tasmania, Australia), and a duplicate of the 
type culture is deposited with the CSIRO Collection of Living 
Microalgae, CSIRO Division of Marine Research, Hobart, 
Tasmania, Australia. 

Electron microscopy 

For scanning electron microscopy, 10 ml of logarithmic 
growth-phase culture (GMNC01-2, GMNCO3) was harvested 
by gentle centrifugation (< 500 Xg) and fixed by addition of 
an equal volume of 4% osmium tetroxide prepared in FSW 
of the same salinity as the culture medium. Fixed cells were 
washed in FSW, 50% FSW, and twice in distilled water before 
being dehydrated in increasing concentrations of acetone. 
Fixed, dehydrated cells were critical-point dried from liquid 
CO2  (Balzers CPD030, Balzers, Germany) and collected on 
2-11m Nucleopore filters. Cleaned cyst samples were dehy-
drated in increasing concentrations of acetone, collected on 
Nucleopore filters, and critical-point dried. Portions of these 
filters were mounted on aluminum stubs, sputter-coated with 
gold, and examined with an Electroscan environmental scan-
ning electron microscope (SEM) optimized for conventional 
SEM on dry samples. 

Analysis of pigments 

Ten milliliters of a mid-logarithmic growth-phase culture of 
G. microreticulatum (GMNC01) was gently filtered onto a 
Whatman GFF glass-fiber filter and immediately extracted in 
98 : 2 methanol : ammonium acetate. The extracts were ana-
lyzed using a Waters high-performance liquid chromatograph 
(HPLC), comprising a 600 controller, 717 plus refrigerated 
autosampler and a 996 photo-diode array detector. Pigments 
were separated with gradient elution (Wright etal. 1991) using 
a stainless steel 25 cm X 4.6 mm I.D. column packed with 

ODS2 of 5-1.1.m particle size (SGE). The separated pigments 
were detected at 436 nm and identified against standard spec-
tra using Waters Millenium software. 

Analysis of toxins 

Cultures of G. microreticulatum (NC01-1, NCO2, and NCO3) 
and G. catenatum (GCDE09) were grown in duplicate batch 
culture in 120 ml of GSe medium in 200-ml conical Erlen-
meyer flasks. For paralytic shellfish toxin (PST) and mouse 
bioassay analyses, 100 ml of late-logarithmic, growth-phase 
cultures were filtered gently onto 47-mm glass-fiber filters 
(Whatman GFC), placed in 1-3 ml of 0.05 N acetic acid, and 
sonicated, on ice, three times for 20 s (Braun Labsonic, small 
probe 80 W) to fragment the vegetative cells. Cell extracts for 
mouse bioassay of water soluble toxins were centrifuged at 
6000 Xg for 5 min to remove glass-fiber filter material and 
cell debris, and the liquid was removed with a Pasteur pipette. 
Extracts for mouse bioassay of lipid soluble toxins were pre-
pared using the methods of Lewis et al. (1991). All extracts 
were frozen at —20°C and transported to the testing laboratory 
for analysis. 

Analyses of the three classes of PST [C-toxins, gonyautox-
ins (GTX), and saxitoxins (STX), each common to G. caten-
atum] in the extracts were conducted according to the HPLC 
methods of Negri & Jones (1995). Separations were per-
formed on a Waters 600 HPLC, combined with a Pickering 
PCX 5100 Post-Column Reactor using 5 Km, 250 X 4.6 mm 
Alltima ODS column (Alltech, IL) at a flow rate of 0.8 ml 
min- '. Post-column oxidation followed the method of Oshima 
et al. (1993). Fluorescent PST derivatives were detected using 
a linear LC305 spectrofluorometric detector with excitation at 
330 nm and emission at 390 nm. The PSTs were identified by 
comparison of retention times and fluorescence emission max-
ima with PST standards, the disappearance of peaks after 
eliminating-post-column oxidation, and sample spiking exper-
iments. The PST standards were kindly donated by Professor 
Y. Oshima (Tohoku University, Japan) and Dr S. Hall (US 
Food and Drug Administration, Washington, DC). 

DNA extraction and polymerase chain reaction 
conditions 

Ten-milliliter samples of mid-logarithmic phase cultures of G. 
microreticulatum (GMNC01-2, GMNCO2, GMNCO3), G. nob. 
leri Ellegaard & Moestrup (GNKB01, GNKB02, GNKB03), 
and Australian (GCCC16 and GCCC21, GCDE04, GCLB14, 
GCPTL01-4), Japanese (GCJP10), and Spanish (GCSP03) iso-
lates of G. catenatum were harvested by centrifugation (2000 
Xg, 5 min) and the growth medium decanted away. DNA ex-
traction of each sample was carried out using a phenol : chlo-
roform : isoamyl alcohol extraction method (Scholin et al. 
1994) modified as described by Bolch et al. (1998a). Subsam-
pies of extracted DNA were diluted to a concentration of ap-
proximately 10 ng pd -  for polymerase chain reaction (PCR). 
The Dl-D2 conserved regions and the intervening variable do-
main of the large subunit ribosomal RNA (rRNA) gene were 
amplified with the PCR primers (D1R and D2C) of Scholin et 
al. (1994), using the PCR conditions described below. Ampli-
fications were carried out in 100-p.1 volumes in 200-0 thin-
walled reaction tubes using PCR buffer IV [Advanced Biotech-
nologies, 200 mM (NH) 2SO4, 750 m/vI Tris-HC1 (pH 9.0), 
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0.1% Tween], and 2.0 U of Taq DNA polymerase (Advanced 
Biotechnologies, Surrey, UK). Reactions contained 25 ng of 
total DNA, 3.0 mM MgC12, 200 1.LM of each dNTP (Promega), 
3 pi of bovine serum albumin (1 mg m1 -1 , Boeringer-Mann-
heim), and 100 pmol of each primer. Amplifications were per-
formed in a Perkin Elmer/Cetus GeneAmp 9600 thermocycler 
using the fastest possible transition times as follows: 2 mm at 
94°C for denaturation, followed by 30 cycles of 94°C for 1 mm, 
55°C for 1.5 min, and 72 °C for 1 min with an auto-extension 
of 5-s cycle -  The final 72°C extension was extended by 6 
min. The PCR products were held at 4°C until removed and 
stored at —20 °C. 

Completed PCR reactions were checked for successful am-
plification and nonspecific PCR products by electrophoresis 
of 10 pl of product through 1% agarose/TBE gels. The PCR 
buffer and unincorporated primers and dNTPs were removed 
from the remaining product by ultrafiltration using regenerated 
cellulose fiber centrifuge columns (30,000 NMWL UltraFree 
MC, Millipore, Bedford, MA) according to the manufacturer's 
instructions. Samples were resuspended in double-distilled 
water and frozen until sequencing could be carried out. 

DNA sequencing 

Both strands of PCR product were sequenced in separate re-
actions using either the forward (D1R) or reverse (D2C) am-
plification primers. Cycle sequencing was carried out with 
ABI PRISM 'Big-Dye' terminator chemistry (PE Applied 
Biosystems, USA) using 50-70 ng of PCR template, 3.2 pmol 
of primer per 20-0 reaction, and the standard cycling param-
eters (`Big-Dye' Protocol, PE Applied Biosystems, USA). 
Electrophoresis of sequencing products was performed with 
an ABI-377 sequencer (PE Applied Biosystems, USA) using 
standard protocols and gel conditions. Sequence data were 
checked by manual inspection of the electropherograms of 
both forward and reverse sequences. The two sequences were 
aligned, and ambiguous base-calls and conflicts were resolved 
by comparison of forward and reverse electropherograms us-
ing Sequence Navigator 1.0.1 (PE Applied Biosystems, USA) 
to establish a consensus sequence. Completed sequences from 
strains were aligned by the Clustal augment option of Se-
quence Navigator, using the default settings for gap inclusion 
and extension. The resulting alignments were checked by eye, 
and alignment errors were corrected manually. 

DESCRIPTION AND OBSERVATIONS 

Gymnodinium microreticulatum Bolch et Hallegraeff sp. 
nov. 

Figs 1-18 

DIAGNOSIS: Cellulae dinoflagellatae nudae, ovoideae vet biconicae, 
a latere leviter compressae, 20-34 p.m longae, 15-22 p.m latae, 
altitudine dorsiventrali 15-24 p.m altae, solitariae, parce binae. Cin-
gulum descendens, bene definitum, alte excavatum, aequatorie dis-
positum, per 0.25-0.33 longitudinem cellulae dislocatum. Sulcus in 
hypocono insidens, bene definitus, ad antapicem leviter incrassatus, 
in epicono protrudens, in striam tecte ventralem transeuns, stria in 
acrobasem hippocrepidam extendens et antihelite versus apicem cir-
cumabiens. Nuclei sphaerici, vulge dinokari, in epicono et ad api-
cem cellulae omnino siti. Chloroplasti viridifusci, peripherice locati, 
multilobi, lobis longitrorsum orientes. Cystidii quiescentia sphaerici, 

17-28 p.m diam, pallide brunnei ad pallide purpureo-brunnei, par-
iete cystidii cum reticulis polygoniis elevatis obtecti (reticulis cin-
gulum, sulcum, striam apicalem et vesiculas amphiesmatae in cel-
lula vegeta reflectentia). Crassitudo paracinguli longitudine circa 
0.30 cystidii diametro aequans. Archeopyla chasmata, e para-acro-
basem versus antapicem extendens, vulgo secus para-sulcum oriens. 

Dinoflagellate cells naked, ovoid to biconical, slightly lat-
erally compressed. Length, 20-34 p.m; width, 15-22 p.m; dor-
so-ventral depth, 15-24 p.m. Cells single, rarely in pairs. Cin-
gulum descending, well-defined, deeply excavated, equatori-
ally placed, displaced by 0.25-0.33 of cell length. Sulcus on 
hypocone well defined, broadening slightly toward antapex. 
Sulcus protrudes into the epicone, becoming a straight ventral 
groove extending into a horseshoe-shaped acrobase encircling 
the apex in anticlockwise direction. Nucleus spherical, typical 
dinokaryon, situated entirely in epicone near apex of cell. 
Chloroplasts greenish brown, peripherally located, multilobed, 
lobes oriented longitudinally. Resting cysts spherical, 17-28 
p.m, pale brown to pale purplish brown. Cyst wall covered 
with raised polygonal reticulations that reflect the cingulum, 
sulcus, apical groove, and amphiesmal vesicles of the vege-
tative cell. Paracingulum width approximately 0.30 of cyst 
diameter. Archeopyle chasmic, extends from the paraacrobase 
toward antapex, commonly oriented along the parasulcus. 

HOLOTYPE: Type strain GMNCO2, a culture established from 
a single resting cyst from sediments collected in Newcastle 
Harbour, New South Wales, Australia in August 1997 (Fig. 
1). The type culture is deposited in the algal culture collec-
tions of the University of Tasmania (School of Plant Science, 
Hobart, Tasmania, Australia) and the CSIRO Collection of 
Living Marine Algae (CSIRO Division of Marine Research, 
Hobart, Tasmania, Australia). 

ETYMOLOGY: Latin: micros—small; reticulatus—netted. Refers 
to the small reticulate pattern of both the amphiesmal vesicles 
of the vegetative cells and the surface of the resting cysts. 

TYPE LOCALITY: Newcastle Harbour, New South Wales, Aus-
tralia. 

SYNONYMS: Gymnodinium sp. 1, Bolch & Hallegraeff (1990), 
fig. 34; Gymnodinium sp., Qi et al. (1996), plate 2, figs K, L. 

DISTRIBUTION AND OTHER REPORTS: Vegetative cells have, 
thus far, not been unambiguously confirmed from the water 
column in any Australian waters. Resting cysts corresponding 
to the descriptions here are widespread in both tropical (Mack-
ay, Queensland; Port Hedland, Western Australia) and tem-
perate Australian ports and estuaries (Newcastle, New South 
Wales; southeastern Tasmania; Port Lincoln, South Australia: 
Albany and Bunbury, Western Australia). Cysts are usual? 
rare component of the dinoflagellate cyst assemblage, repi ,.':- 
senting < 1% of total cysts in most localities. However, they 
represent up to 40% of cysts in the port of Albany and nearby 
Oyster Inlet, Western Australia (Bolch, unpublished data). Ge-
netic identity of nonviable cysts from Port Lincoln, Port Hed-
land, and Mackay has been confirmed by DNA sequencing of 
the D1-D2 region of the rRNA gene directly from isolated 
and washed cysts (Bolch, unpublished methods). Partial se-
quences obtained were similar to those obtained from cultures 
established from Newcastle cysts (NC01-2, NCO2, 
Two cyst specimens of G. microreticulatum have alsc-  been 
germinated from sediments collected from Punta del Este in 
the Mar del Plata, Uruguay (Bolch & Mendez, unpublished 
data). 
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Figs 1-9. Light microscopy. Gymnodinium microreticulatum Bolch et Hallegraeff sp. nov. All scale bars = 10 m. 
Fig. 1. Ventral view of vegetative cell showing the sigmoidal curve of the sulcus and the sharply defined, deeply excavated cingulum. 
Fig. 2. Ventral view of vegetative cell displaying a number of 'ridges' (r) on the hypocone. 
Fig. 3. Ventral/apical view showing the groove-like extension of the sulcus (s) continuing into a loop-shaped apical groove encircling the 
apex. 
Fig. 4. Optical section of a cell showing the large, spherical nucleus (n), positioned in the center of the epicone. 
Fig. 5. Optical cross-section showing cell shape. 
Fig. 6. Slightly flattened cell that shows the distribution and orientation of the multilobed chloroplasts (c). 
Fig. 7. Culture-produced resting cyst with evenly distributed globular contents. 
Fig. 8. Cyst wall of a germinated resting cyst. Note the chasmic archeopyle extending away from the paraacrobase (g). 
Fig. 9. Same cyst showing the antiparallel orientation of the archeopyle compared with the paracingulum (c). 
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In addition, cysts are known from numerous bays and es-
tuaries along the Chinese coast, stretching from the mouth of 
the Yangtze River to Dapeng Bay, northeast of Hong Kong 
Island (Qi et al. 1996). This latter report refers to a pale purple 
microreticulate cyst with a size range of 20-25 p.m, consistent 
with the observations reported here. Similar small microreti-
culate cysts are present in sediments collected from Hong 
Kong (Bolch & Dickman, unpublished data) and southern Jap-
anese waters (K. Matsuoka, personal communication). 

DESCRIPTION: Cells of G. microreticulatum are ovoid to bi-
conical with a flattened apex and antapex (compare Figs 1, 2, 
4, 5, 10, 11). Cells are often slightly laterally compressed such 
that the dorsoventral cell depth is slightly greater than the cell 
transdiameter (Figs 12, 13). When viewed laterally, both ep-
icone and hypocone may be slightly concave on some speci-
mens (Fig. 5). Cells are found as single cells, rarely in pairs 
after the second cell division subsequent to cyst germination. 
They vary in length from 20-34 p.m (mean = 24 p.m) and in 
width from 15-22 p.m (mean = 17 p.m). The dorso-ventral 
depth is 15-24 p.m (mean = 19 p.m). The cell surface is 
smooth; however, after osmium fixation for SEM examination, 
some cells show a reticulate network of raised ridges, which 
presumably corresponds to the amphiesmal vesicles (Fig. 13). 
These patterns are not visible on unstained living cells. The 
hypocone is sometimes undulate (Figs 2, 14, 15), possessing 
parallel longitudinal ridges and valleys (Fig. 2) that give the 
antapical region a ,  crenulate cross-section (Fig. 14). The cin-
gulum is a descending spiral, sharply defined, deeply exca-
vated, equatorially placed, and displaced by one fourth to one 
third of cell length (Figs 1, 2, 10). The sulcus extends into 
the epicone and is slightly sigmoidal in living specimens (Figs 
1-3) but can appear straight on some specimens after osmium 
fixation for electron microscopy (Fig. 1). On the epicone, the 
sulcus is narrow, well defined, and groove-like (Figs 2, 3, 10, 
11) and extends into a horseshoe-shaped apical groove (ac-
robase) encircling the apex in an anticlockwise direction (ap-
proximately 270°), which does not reconnect with or reenter 
the sulcus (Fig. 16). On the hypocone, the sulcus is well de-
fined and deep, broadening slightly toward the antapex. The 
nucleus and chloroplasts are the most distinctive features that 
can be used to distinguish this species from many other small 
gymnodinioid dinoflagellates. The chloroplasts are brownish 
green, multilobed, and peripherally placed in the cell with the 
lobes roughly parallel to the cell wall and oriented longitu-
dinally from the apices to the cingulum (Fig. 6). The nucleus 
is a prominent, typical dinokaryon; it is spherical and situated 
entirely in the epicone toward the apex of the cell (Figs 4, 5), 
filling most of the epicone. Consequently, live cells exhibit a 
pale, yellowish epicone that contrasts sharply with the green-
brown color of the hypocone. 

Resting cysts of G. microreticulatum are spherical and 17— 
28 p.m (mean = 24 p.m) in diameter. The cyst wall is pale 
brown to purplish brown and is covered with a network of 
raised ridges, forming a pattern of polygonal reticulations that 
reflect the amphiesmal vesicles of the vegetative cell (Figs 8, 
9, 17, 18). Features outlined include the paracingulum (Figs 
9, 18), parasulcus, and paraapical groove (Figs 8, 17). The 
paracingulum is delineated on both the apical and antapical 
sides by two rows of flattened paravesicles. On the apical side, 
the first (external to cingulum) row of paravesicles is com-
pressed and pentagonal, meeting the next row of roughly  

square (internal) paravesicles along a straight margin that de-
fines the upper margin of the paracingulum (Cl, Fig. 18). The 
antapical (lower) side is defined by two identically oriented 
rows of paravesicles, such that the internal row is pentagonal 
and the external row is squarish. On this lower margin (C2, 
Fig. 18), the pentagonal row is less compressed than those 
forming the upper margin. Germination of the cyst is through 
a chasmic archeopyle (Figs 8, 9). The archeopyle is usually, 
but not always, oriented along the parasulcal line of the cyst, 
extending from the paraapical groove around to the antapex, 
illustrated by comparing the relation of the archeopyle to the 
paraapical groove and its near-perpendicular orientation to the 
paracingulum (Figs 8, 9). 

TOXINS: The HPLC analysis of PST was carried out using 
three strains of G. microreticulatum (NC01-2, NCO2, and 
NCO3). A typical chromatogram is shown in Fig. 19a. The 
few visible peaks did not correspond to PST compounds. 
Analysis of G. catenatum strain GCDE09 exhibited the typical 
suite of PST compounds characteristic of G. catenatum strains 
isolated from Tasmanian plankton samples (Fig. 19b), which 
have been previously documented by Oshima et al. (1993). 
No mouse bioassay toxic effects or mouse death was observed 
with either aqueous or lipid soluble cell extracts. No charac-
teristic paralytic shellfish poisoning (PSP), diarrhetic shellfish 
poisoning (DSP), or neurotoxic shellfish poisoning (NSP) 
symptoms were noted during the 24 hours of observation after 
inoculation. 

PIGMENTS: The HPLC analysis of chloroplast pigments of 
G. microreticulatum strain NC01-2 is shown in comparison 
with G. catenatum strain LB 14 (Fig. 20). The pigments pre-
sent were chlorophylls a and chlorophylls C, and C2 , which 
are not resolved with the HPLC system used. The carotenoids 
present were peridinin, dinoxanthin, diadinoxanthin, and 3,13-
carotene. These mirror the comparative analysis of G. caten-
atum (shown in dashed line), with the exception that G. ca-
tenaturn contained small amounts of diatoxanthin. Addition-
ally, the small peak at retention time = 8.478 min (peak 1) 
in G. catenatum showed a spectral absorbance close to that 
of carotenoid-P468. The UV-spectral absorption of a similar 
small peak (peak la, retention time = 8.573 min) in G. mi-
croreticulatum NC01-2 did not correspond with carotenoid-
P468. 

DNA SEQUENCE DATA: The PCR amplification of the Dl-D2 
region of the 28S rRNA gene (LSU rRNA gene) resulted in 
a clear single product of approximately 700 base pairs in all 
three species. No fragment length variations were resolved by 
agarose gel electrophoresis; however, after DNA sequencing 
and alignment of the entire sequence between the priming 
regions, length variation was noted between each of the three 
species (Table 1). Seven strains of G. catenatum, three strains 
of G. nolleri, and three strains of G. microreticulatum showed 
no sequence variation within the three species over the 698 
base pairs sequenced. In contrast, fixed sequence differences 
were found between G. microreticulatum, G. nolleri, and G. 
catenatum (Table 1). Gymnodinium micro reticulatum was 
clearly divergent from the other two species, whereas G. ca-
tenatum and G. nolleri were relatively closely related to each 
other. 
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DISCUSSION 

Comparisons with other gymnodinioid species 

As presently circumscribed, the unarmored dinoflagellate gen-
era Gymnodinium [type species: G. fuscum (Ehrenberg) Stein] 
and Gyrodinium [type species: G. spirale (Bergh) Kofoid et 
Swezy] are almost certainly a polyphyletic assemblage (Saun-
ders et al. 1998). The two genera are distinguished by cin-
gulum displacement, being less (Gymnodinium) or more (Gy-
rodinium) than one fifth of the cell length (Kofoid & Swezy 
1921). However, this feature is now recognized as a variable 
character that is not suitable for generic separation (Kimball 
& Wood 1965). Species in these genera are differentiated by 
cell shape and contours, size, chain formation, the presence 
and shape of the apical groove, cingular position and displace-
ment, sulcal position and sulcal/apical groove juncture, shape 
of the ventral ridge, the presence of striae, ribs, or furrows, 
presence and color of chloroplasts, and the shape and position 
of the nucleus (Steidinger & Tangen 1996). 

Because of the delicacy of many gyamodinioid dinoflagel-
late species, the cells usually do not retain their morphology 
when preserved; thus, they require observation of live cells 
for identification. As a result, inadequate species descriptions 
abound in the literature (e.g. Schiller 1936, 1937), and a large 
number of species are based on single records, whose iden-
tification has not been confirmed. 

Gymnodinium microreticulatum possesses a few easily dis-
cerned features, such as the prominent, apically positioned 
nucleus, which should have been clearly illustrated if this spe-
cies had been recorded previously in the literature. Compre-
hensive works of Kofoid & Swezy (1921), Schiller (1936, 
1937), and Hulburt (1957) show few photosynthetic gymno-
dinioid species that are in the size range of G. microreticu-
latum and have an obvious apically positioned nucleus. Gy-
rodinium metum Hulburt and Gyrodinium glaebum Hulburt 
(Hulburt 1957) are similar in size, and G. glaebum has a nu-
cleus 'somewhat anterior of the girdle' ; however, both species 
are described as not having chloroplasts. There are strong sim-
ilarities in cell shape and nucleus position with Gymnodinium 
aeruginosum Stein; however, this species is a 'blue-green' 
freshwater dinoflagellate that contains kleptochloroplasts de-
rived from a cryptophyte (Schnepf et al. 1989). Recent works 
describing gymnodinioid dinoflagellates from southern Aus-
tralian waters show several small photosynthetic species (Lar-
sen 1994, 1996). Of those species possessing chloroplasts, Gy-
rodinium impendens Larsen is similar in cell shape and size  

and possesses a nucleus that is located in the epicone. How-
ever, the distinctive overhanging cingulum, the degree of cell 
torsion, the sigmoidal rather than looped apical groove, and 
the small globular chloroplasts clearly distinguish this species 
from G. microreticulatum. Another small gymnodinioid spe-
cies known from southern Australia, Gyrodinium undulans 
Hulburt, is of similar shape, with a nucleus positioned in the 
epicone, although it is slightly larger (35 X 25 gm). However, 
the epiconal part of the sulcus is clearly sigmoidal rather than 
straight as in G. microreticulatum, and the cells are dorsoven-
trally flattened. The cyst of G. undulans is known to be a 
clear-walled mucilaginous cyst type (Sonneman & Hill 1997). 

Comparisons with G. catenatum and G. nolleri 

In contrast to the armored cyst-producing dinoflagellates, cyst 
morphology has not proved to be a helpful character for dis-
tinguishing unarmoreti species. Some gyrnnodinioids are not 
known to produce cysts (e.g. Gymnodinium mikimotoi Miyake 
et Kominami ex Oda), and many produce fragile, colorless, 
mucoid cyst types that lack distinct morphological features. 
As such, the three gymnodinioid dinoflagellate species dis-
cussed here, Gymnodinium catenatum, G. nolleri, and G. mi-
croreticulatum, are 'unique' in their production of a micro-
reticulate, fossilizable cyst. 

Although the distinctive cyst morphology suggests an affin-
ity between these three species, as do other morphological 
features, clear differences exist. As single cells, the general 
features of the three species are similar (Fig. 22). All three 
have sharply defined and deeply excavated cingular and sulcal 
features; the cell surface is smooth, but under SEM exami-
nation a reticulate network of amphiesmal vesicles can be dis-
cerned (compare with Blackburn et al. 1989; Ellegaard et al. 
1993), and all three have similar cingular displacement and a 
loop-shaped apical groove (Fig. 22). The undulate nature of 
the cell surface of G. microreticulatum, particularly the hy-
pocone, is somewhat distinctive; however, a similar but less 
prominent undulation of the hypocone can be seen on cultured 
cells of G. catenatum (e.g. Yuki & Yoshimatsu 1987). 

The most obvious morphological differences (Table 2) are 
the chain-forming habit of G. catenatum (up to 64 cells per 
chain) and the accompanying vertical cell compression of 
cells in chains, compared with two-cell chains or single cells 
only for G. not/en i and almost exclusively single cells for G. 
microreticulatum. The sulcus and apical grooves are similar 
in all three species when examined on single cells, formed by 
an extension of a narrow `sulcal line' into an anticlockwise, 

Figs 10-18. Scanning election microscopy. Gymnodinium microreticulatum Bolch et Hallegraeff sp. nov. All scale bars = 15 p.m except: Fig. 
16, scale bar = 10 p,m; Fig. 17, scale bar = 20 p.m. 

Fig. 10. Ventral view of cell. Note the extension of the sulcus on the epicone. 
Fig. 11. Ventral view of vegetative cell. 
Fig. 12. Lateral view of vegetative cell. 
Fig. 13. Lateral view of cell which shows the amphiesmal vesicle patterns on the cell surface. 
Fig. 14. Antapical view illustrating the undulations of the surface of the hypocone. 
Fig. 15. Lateral view of a vegetative cell with undulating hypocone. 
Fig. 16. Detail of apex of vegetative cell showing the horseshoe-shaped apical groove (g) encircling the apex (approximately 270°), which 
does not reconnect with the sulcal groove. 
Fig. 17. Resting cyst from sediments collected from Long Bay, Port Arthur, Tasmania. The paraacrobase (g), parasulcus (s), and paracingulum 
(c) can be seen. 
Fig. 18. Resting cyst from sediments collected from Port Lincoln, South Australia. An irregular fractured breach is present, and the outlines 
of both paracingular margins (Cl, C2) can be seen. 
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(a) Gymnodinium microreticulatum NC01-1 
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Fig. 19. High-performance liquid chromatograms of post-column oxidation products from the three high-performance liquid chromatograph 
paralytic shellfish toxin analyses: C-toxins, GTXs, and STXs. (a) Analyses of Gymnodinium microreticulatum strain NC01-2. (b) Gymnodinium 
catenatum strain GCDE09. Peaks: 1, Cl and C2; 2, C3; 3, C4; 4, GTX4; 5, GTX1; 6, dcGTX3; 7, GTX5; 8, dcGTX2; 9, GTX3; 10, GTX2; 
11, dcSTX; 12, STX; 13, possibly deoxy-STX; NT = not a saxitoxin compound. 
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horseshoe-shaped loop around the apex. The apical groove of 
G. catenatum was described as being separate from the sulcus 
by Fraga et al. (1995). However, when G. catenatum cells 
form chains (and also with some single cells), the sulcus ex-
tends through to the apex, being significantly deeper on the 
epicone and accentuated by the ventral invagination forming 
the sulcus, obscuring the connection of the apical groove with 
the narrow `sulcal line' extending from the mid-sulcal region 
(Bolch & Hallegraeff, unpublished data). 

Cell sizes of the three species, which are usually more 
variable in culture than in nature, are quite distinct: G. micro-
reticulatum, 15-22 pm wide, 20-34 p.m long; G. nolleri, 23— 
30 p.m wide, 30-43 p.m long (Ellegaard et al. 1993; Ellegaard 
& Moestrup 1999); and G. catenatum, 33-45 p.m wide, 38— 
53 p.m long (Blackburn et al. 1989; Ellegaard & Moestrup 
1999). However, the largest individual cells of G. microreticu-
latum may overlap with the smallest of G. nolleri; similarly, 
the largest cells of G. nolleri may overlap in size with those 
of the smallest G. catenatum. All three species display similar 
gross cytological details evident from light microscopy. They 
possess similar chloroplast shape and arrangement within the 
cell and have similar pigment composition. Diatoxanthin was 
detected in G. catenatum and not in G. microreticulatum;  

however, dinoxanthin and diatoxanthin are linked in a light-
dark cycle of production, and the time of harvesting in the 
light cycle can affect the relative amounts of these pigments 
(Hager 1980). All three have a roughly spherical nucleus, cen-
trally placed in G. catenatum and G. nolleri but apically po-
sitioned in G. microreticulatum. 

A similar gradient of sizes exists among the cysts, which 
may have been obscured by inaccurate reporting of cyst size 
ranges in previous work or by failure to differentiate coexist-
ing cyst populations of the three species. Cysts of G. caten-
atum usually range from 43-62 pm in diameter (Bolch & 
Hallegraeff 1990; Matsuoka & Fukuyo 1994), but some cyst 
populations show diameters as small as 36 p.m (Bolch et al. 
1998b). In Baltic Sea sediments, G. nolleri cysts range from 
28-38 p.m (Ellegaard et al. 1993, Ellegaard & Moestrup 
1999), but again some cyst populations, such as those from 
the Bay of Naples, Italy, have individual cysts as small as 25 

(Montresor et al. 1998; Montresor & Bolch, unpublished 
data). Cysts of G. microreticulatum range up to 28 p.m, over-
lapping with smaller individuals of G. nolleri. The distinct 
color difference between G. catenatum and G. nolleri (red-
brown) and G. microreticulatum (pale brown to pale purplish 
brown) may be used to distinguish these two smaller species, 
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Fig. 20. High-performance liquid chromatograms of extracted pigments from Gymnodinium micro reticulatum (solid line) and Gymnodinium 
catenatum (dotted line). Identities of the peaks: 1, cytochrome P-458; la, unknown peak (not cytochrome P-458); 2, chlorophyll C,+C2 ; 3, 
peridinin; 4, dinoxanthin; 5, diadinoxanthin; 6, diatoxanthin; 7, chlorophyll a; 8, 13, I3-carotene. 

although it is unknown whether this color difference persists 
after palynological processing. 

There are also differences in the pattern of reticulations 
(paravesicles) that adorn the cyst surface. In G. catenatum, 
the vesicles range from around 1.0-3.0 pm across (Anderson 
et al. 1988) but usually are slightly smaller on G. nolleri (0.8— 
2.0 gm; Ellegaard & Moestrup 1999) and G. microreticula-
turn. Conversely, in both G. microreticulatum and G. nolleri, 
the vesicles cover less surface area compared with G. caten-
atum, thus appearing relatively larger compared with the cyst 

Table 1. Pairwise genetic distances calculated from aligned sequences 
including nucleotide substitutions, insertions, and deletions in the D 
D2 region of the 28S rRNA gene (above diagonal: base pairs [bp]: 
below diagonal: percentage di \%ergence). 

DI—D2 Gymnodinium Gymno- Gymno-
length' micro reticu- dinium dinium 

Species 	(bp) 	latum 	nolleri catenatum 
G. microreticulatum 	692 	 110 

	
118 

G. nolleri 
	

698 
	

15.8 
	

20 
G. catenation 	 697 

	
16.9 
	

2.9 

'Not including the primer regions.  

diameter. The total number of vesicles is also less on both G. 
nolleri and G. micro reticulatum. These pattern differences are 
difficult to quantify; however, the overall impression is that in 
G. microreticulatum the ouline of the cingulum is wider, one 
third to one fourth (generally > 0.25) of the cyst diameter in 
G. nolleri and G. microreticulatum, compared with around 
one fourth to one fifth (generally < 0.25) in G. catenatum. 
There also appear to be fewer rows of paravesicles within the 
cingulum, roughly three or four rows, compared with four or 
five in G. catenatum. 

In natural sediments, G. microreticulatum cyst walls are 
often found as fragments on which the orientation of the wall 
markings are difficult to distinguish. Intact cyst phragma with 
contents often have in irregular, fractured breach along the 
cingulum (see Fig. 9). It is not clear whether this breach rep-
resents an artifact due to cell death or sediment processing or 
is the true archeopyle. Laboratory germination experiments 
suggest the former, because all three wild cysts germinated 
from Newcastle showed a chasmic archeopyle that was ori-
ented along the sulcal line of the cysts. Furthermore, cysts 
produced in culture, and subsequently germinated in the lab-
oratory, display a sulcal-oriented archeopyle. This contrasts to 
the generally cingular-oriented archeopyle of G. catenatum 
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Table 2. Comparative morphological features of the three microreticulate cyst-forming species. 

Gymnodinium microreticulatum 	 Gymnodinium nolleri 
	

Gymnodinium catenatum 
Features 	 Bolch et Hallegraeff 

	
Ellegaard et Moestrup 	 Graham 

Vegetative cell 	20-34 pm long 
15-22 p.m wide 
non—chain forming cell pairs rare 
nucleus is large, spherical, and in epi- 

cone 
horseshoe-shaped apical groove ex-

tends from sulcus 
Cyst stage 	17-28 gm diameter 

pale purple-brown cyst wall 
paracingulum >0.25 of cyst diameter 
chasmic archeopyle usually along 

parasulcus 
Ecology/toxicity 	non-bloom former 

cyst-derived cultures are nontoxic 

30-43 p.m long 
23-30 p.m wide 
non—chain forming cell pairs common 
nucleus is large, spherical, central 

horseshoe-shaped apical groove ex-
tends from sulcus 

28-38 gm diameter 
red-brown cyst wall 
paracingulum >0.25 of cyst diameter 
chasmic archeopyle usually along 

paracingulum 
non-bloom former 
cyst-derived cultures are nontoxic 

38-53 gm long 
33-45 gm wide 
chain forming' 
nucleus is large, spherical, central 

horseshoe-shaped apical groove ex-
tends from sulcus 

36-62 pm diameter 
red-brown cyst wall 
paracingulum <0.25 of cyst diameter 
chasmic archeopyle usually along 

paracingulum 
bloom-forming species 
paralytic shellfish toxins produced2  

' Up to 64 cells. 
2  Nontoxic strains also known. 

(Anderson et al. 1988) and G. nolleri (Ellegaard & Moestrup 
1999). There is undoubtedly some variability in orientation of 
the archeopyle, as in G. nolleri and G. catenatum. When cyst 
contents are present they are usually contracted, unevenly dis-
tributed lipid globules. These specimens have always failed to 
germinate and appear nonviable. Viable cyst specimens, such 
as those recovered and germinated from Newcastle Harbour, 
contain uniformly distributed globular contents, a distinct di-
noflagellate nucleus, and granular cytoplasm exhibiting obvi-
ous 'Brownian-like' motion. A pale yellow-orange accumu-
lation body is present, unlike the dark red accumulation body 
of both G. catenatum and G. nolleri. 

Ecology, habitat, and life cycle 

The vegetative cells of G. microreticulatum have not yet been 
conclusively identified from the water column, and it is dif-
ficult to assess the conditions under which this species is 
found in nature. The cysts often co-occur with G. catenaturrz, 
and presumably it is a coastal species with similarly broad 
environmental tolerances. Similar to G. catenatum, G. micro-
reticulatum is recorded from areas ranging from cool-temper-
ate (southern Tasmania) to areas that would be considered 
subtropical to tropical (northern Australia, Hong Kong). Cul-
tures of this species grow vigorously at temperatures ranging 
from 17 °  C-25 °  C in GSe medium with salinities ranging from 
26-35 g/1 - ' (Bolch, unpublished data), although growth rates 
and survival outside this range have not been assessed. 

Preliminary investigations of life-cycle parameters indicate 
that clonal cultures of G. microreticulatum are capable of pro-
ducing resting cysts with characteristic reticulate morphology, 
which suggests that G. microreticulatum may have a homo-
thallic mating system. If confirmed, it contrasts with_the com-
plex heterothallic mating system of G. catenatum (Blackburn 
et al. 2000). Culture-produced cysts begin to germinate after 
a period of around 4 weeks (Bolch, unpublished data), com-
pared with the approximately 2-week minimum dormancy pe-
riod of G. catenatum cysts, although this feature can show 
strain/cross-specific variations in G. catenatum (Blackburn et 
al. 2000). 

Molecular genetic comparisons 

Molecular studies of the 28S rRNA gene sequences (Fig. 21, 
Table 1) provide evidence for the distinctness of G. microre-
ticulatum compared with G. catenatum and G. nolleri. The 
differing DI-D2 fragment length and the considerable nucle-
otide divergence of G. microreticulatum from G. catenatum 
and G. nolleri (> 15%) mirror the increased level of morpho-
logical divergence noted in this study. Despite this divergence, 
G. microreticulatum is the next most closely related species 
to G. catenatum and G. nolleri. For example, the other closest 
species examined so far, Gyrodinium impudicum, shows more 
than 20% divergence in the D1-D2 region (Bolch, unpublished 
data). Other studies of 257 base pairs of the 28S rRNA D3 
region showed levels of divergence of 1.2% between G. nol-
leri and G. catenatum, 7% between G. catenatum and Gyr. 
impudicum, and 7% between G. nolleri and Gyr. impudicum 
(Ellegaard & Oshima 1998). The nucleotide divergence in the 
D I-D2 region between G. catenatum and G. nolleri and Gyr. 
impudicum is consistently around 2.5 times more than that for 
the D3 region, indicating that the D1-D2 fragment is poten-
tially more suitable for assessing relationships between closely 
related dinoflagellates and perhaps less suited to more distant 
species due to potential substitution saturation and sequence 
alignment difficulties. 

CONCLUSIONS 

The degree of cingular displacement of G. microreticulatum 
would place the new species within the genus Gyrodinium Ko-
foid et Swezy. However, it does not bear a close morphological 
relationship to the types species Gyrodinium spirale (Bergh) 
Kofoid et Swezy, which is a large heterotrophic species with a 
striated cell surface. The morphological and genetic affinities 
of this new species clearly belong with G. catenatum, which 
itself falls within a genetic and morphological group of gym-
nodinioids with a loop-shaped apical groove (Saunders et al. 
1997). This group also includes the type species Gymnodinium 

fuscum (Ehrenberg) Stein and, for these reasons, we refer this 
new species to the genus Gymnodinium Stein. 



Bolch et al.: Gymnodinium microreticulatum 	311 

G. mic 
G. cat 
G. nol 

G. mic 
G. cat 
G. nol 

G. mic 
G. cat 
G. nol 

G. mic 
G. cat 
G. nol 

G. mic 
G. cat 
G. nol 

G. mic 
G. cat 
G. cat 

G. mic 
G. cat 
G. nol 

G. mic 
G. cat 
G. nol 

001 	. 	. 	. 	: , 	 . 	. 	081 
TAAGTAAGCGGAGGAAAAGAAACTAAACAGGATTCCCTCAGTAATGGCGAATGAACAGGGATGAGCTCAACATGGAAATTG 

T  T  T 	T 
T 	T 	T 	  T 

082 	. 	. 	. 	. 	. 	. 	. 	162 
TGGCACCTCGCCATGAATTGTAATCTCTCGATGCATTGCCAATGGAGGCGCAGATGTAAGCCGCTTGGAAAAGCGATTCAT 
....T...G....0 ................. C. GC 	GCA.G  T  A 	C 

	

TT  G  C  C  GC 	CA.G  T  A  C 

163 . . . . . . . :243 
GGAGGGTGAGATGCCCGTTTGTCATCTGCAGTCCTCTGTGTTCGGCGTGCATTCTAAGAGTCACGTTCCTTGGGAGTGGAG 
T AT  T C A A  ACA.G T  
T 	AT  T  A  A 	ACA.G 	 T  

244 	: : 324 • 	. . . 

	

. 	 . 
CGCAAATTGGGTGGTAAATTTCATCTCAAGCTAAATATGGGTTCGAGACCGATAGCAAACAAGTACCATGAGGGAAAGATG 

A  
A  

325 	: 	. 	. 	. 	. 	. 	. 	: 	405 
AAAAGGACTTTGAAAAGAGAGTTAAAAGTGCCTGAACTTGCTGAAACGAAAGCGGATGGAACCAGTCT-GCTTGGTGAGAT 

G 	TT  
G 	 TT  

406 : 	. 	. 	• 	. 	. 	. 	: 	486 
TGTCGCGTGCTGCATTGATTGTCTGCTTGCTCAGCGTAAGCGTGCTTGTAGTCTTTGACGTGTTCGCGCGTGATGTTTCTT 
..T...AC..A...A....CAC..T..ATTC  A  G  GCG..G.G .G 	TT 	-  T  
..TT..AC..A...A...CCAC..T..ATTC ..... C ..... G.G.G..G.G .G 	TT 	 G  T  

7 487: 	. 	. 	. 	. 	. 	. 	567 
GCCTTGTCAGTCACTGTCAGTTGGCAGGCGAGGATAACTCTTGGGACATGGTAGCCTGCTTGCGGGTGGGTGAATGTGCCT 
	GT 	•TCA  TG TGC  C 	TC..CCCT  A  
	GT 	TCA 	T  GC •T.G. .C. 	. C . 	T. .C.CT  A  

568 648 . . . 	. . 	 . . 
TGTAGGACTCGCTTGTGTACTGCAT -TCTTTTGTTTGGCTGCGCTGCT - -GTGCTTTGCTGTCCT-CGTGGCTCTCAGCAC 
..CG....C.A.CAACAA:.A.TTCAA C 	GG 	T. 	TC .T.GC.TGC..TGG..A.CT..A..CGCG 
..0 ..... C.A.CAACAA....TTCA  A 	 GG  T 	ATC...G.G..TGC..T.G..A.CT..A..CGCG 

649 	. 	• 

	

. 	. 	. 	698 
G. inic TGGCACCTCCCTTACAATCCA-TGGTGACGAAATGGTTCTATTCGACCCG 
G. cat 	T 	G T A  
G. nol 	T 	G A A  

Fig. 21. Sequence alignment of 698 base pairs of the Dl-D2 region of the 28S rRNA gene of Gymnodinium microreticulatum (G. mic) and the 
two other microreticulate cyst-forming species Gymnodinium nolleri (G. nol) and Gymnodinium catenatum (G. cat). Dash represents an alignment 
gap; period represents sequence identical to that of the alignment reference strain G. microreaculatum; colon denotes 10-base-pair sections. 

Until the present work and that of Ellegaard & Moestrup 
(1999), fossil and Recent microreticulate resting cysts have 
been referred to a single species, G. catenatum. Using a com-
bination of conventional morphological features and more so-
phisticated molecular characters, we demonstrate here the ex-
istence of three different taxa whose cysts have sometimes been 
misidentified or mistakenly combined in field surveys. Such 
confusion could have serious implications for aquaculture, be-
cause current evidence shows that both G. nolleri and G. mi-
croreticulatum are nontoxic, whereas G. catenatum usually pro-
duces paralytic shellfish toxins. Additionally, current views of 
the global biogeography of the toxic dinoflagellate G. catena-
turn (Hallegraeff & Fraga 1998), hypotheses of regional spread- 

ing (Nehring 1995), and proposals of prehistoric blooms and 
responses to climate change (Dale et al. 1993; Thorsen et al. 
1995) will need to be reevaluated. To assist in this effort, the 
development of species- and group-specific DNA probes is 
planned to aid the identification of motile plankton cells of G. 
microreticulatum and G. nolleri and co-occurring cyst popula-
tions of G. catenatum and G. nolleri in marine sediments. 

NOTE ADDED IN PROOF 

Planktonic cells of G. microreticulatum have been collected 
from Port Lincoln, South Australia, in April 1999. 
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15 gm 

 

 

G. microreticulatum 	 G. nolleri 	 G. catenatum 
Fig. 22. Diagrammatic comparison of single cells of the three microreticulate cyst-forming dinoflagellate species. Gymnodinium microreticulatum 
Botch et Hallegraeff sp. nov., Gymnodinium nolleri, and Gymnodinium catenatum. Scale bar = 15 p.m. Flagellar arrangements have been omitted 
for clarity of illustration. 
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