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Abstract
Gambierdiscus toxicus Adachi et Fukuyo 1979 is a toxin-producing marine dinoflagellate responsible for the syndrome known as ciguatera,

which sickens thousands of people every year. Despite its importance, little is known regarding the global genetic structure of this species;

therefore, it is unclear whether documented variation in toxin production and outbreaks of ciguatera are the result of ecological triggers or the

presence of different genetic strains across the geographic range of G. toxicus. We examined the molecular phylogeny and morphological

characteristics of 28 globally distributed G. toxicus isolates by sequencing part of the large subunit (LSU) and small subunit (SSU) ribosomal DNA

and analyzing the thecal architecture using scanning electron microscopy (SEM). Our analyses showed that G. toxicus is comprised of at least four

distinct lineages (Clades A–D) separated by substantial genetic distances. One of the clades recovered in the phylogenetic analysis (Clade B) is

morphologically distinct, the characteristics of which agree with the species description of Gambierdiscus belizeanus Faust 1995. The remaining

three lineages; however, are morphologically homogeneous and may represent cryptic species. SEM analyses showed that an important

morphological feature used to distinguish Gambierdiscus morphospecies, the apical pore (Po) plate shape, was variable among isolates of G.

toxicus and did not reflect phylogenetic groupings; hence, its utility as a diagnostic feature is questionable. Our analyses suggest that G. toxicus is

not a single cosmopolitan species with a worldwide circumtropical distribution but instead comprises a wide-ranging species complex. The

presence of multiple cryptic species could partly explain the seemingly random patterns of ciguatera toxicity across geography.

# 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Gambierdiscus toxicus (Dinophyceae) is an armored, toxin-

producing dinoflagellate distributed circumtropically in coral

reef ecosystems. It is a member of a community of

dinoflagellates from several genera that are benthic, inhabiting

the surfaces of macroalgae, detritus and sand. G. toxicus is an

ecologically important species, as certain strains produce toxins

that bioaccumulate in the coral reef food chain, attaining

highest levels in carnivores (Anderson and Lobel, 1987; Lehane

and Lewis, 2000). Consumption of toxic fish causes ciguatera

fish poisoning, which sickens an estimated 50,000–500,000

people every year and is the most frequently reported marine
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toxin disease worldwide (Fleming et al., 1998; Ragelis, 1984).

The symptoms of ciguatera have been well described and

include gastrointestinal, neurological and cardiovascular dis-

turbances (Bagnis et al., 1979; Lewis et al., 1988; Lehane and

Lewis, 2000; Palafox and Buenconsejo-Lum, 2001). This

syndrome significantly degrades the health and economic well

being of communities dependent on reef fisheries as a food

source or for export; in the United States alone, the economic

impacts of ciguatera poisoning were estimated at an average of

$21 million per year for the 1987–1992 period (Anderson et al.,

2000). Moreover, due to increased exportation of tropical fishes

to northern markets and the expansion of the tourism industry in

tropical and subtropical countries, individuals living outside of

ciguatera endemic regions are increasingly exposed to toxic fish

(Freudenthal, 1990; Todd, 1995).

The toxin-producing capability of G. toxicus appears to be

genetically determined (Bomber et al., 1989; Holmes et al.,

1991; Babinchak et al., 1994) and is a stable temporal
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characteristic that is unaffected by time in culture or culture

conditions (Durand-Clement, 1986).

However, the type and quantity of toxin produced is variable

among isolates and up to a 100-fold difference in the quantity of

toxin produced by different genetic strains has been reported

(Bomber et al., 1989; Holmes et al., 1990, 1991; Sperr and

Doucette, 1996). Furthermore, differences in toxin production

by G. toxicus have been documented among strains isolated

from one geographic location, demonstrating physiological

difference within a single locality (Holmes et al., 1991). Based

on these observations Holmes et al. (1994) hypothesized the

existence of certain ‘‘super-producing strains’’ of G. toxicus

that greatly increase the potential for ciguatera.

In addition to genetically determined differences in toxicity,

toxin production is also dependent upon a number of

environmental factors. This has led several scientists to

speculate that ciguatera outbreaks occur when environmental

conditions favor the growth of highly toxic clones within a

population (Holmes et al., 1994; Chinain et al., 1999). Morton

et al. (1993) showed a 200-fold difference in G. toxicus potency

depending on the light, salinity and temperature conditions

during culture. Bomber et al. (1988) observed different

relationships between light intensity and growth rate for a

variety of strains, with reduced growth rates at high irradiance;

furthermore, high temperatures increased toxicity in G. toxicus

(Bomber et al., 1988). These laboratory studies suggest that

individual G. toxicus strains may be adapted to particular

specific environmental regimes. Therefore, there are two

potential sources for ciguatera toxin variability in the field: (1)

differences in the toxicity of the source organisms due to

genetic factors (i.e., different species or strains); (2) differences

in source organism toxicity that relate to environmental

forcings.

Following the identification of G. toxicus as the toxin

originator (Yasumoto et al., 1977; Adachi and Fukuyo, 1979)

five additional Gambierdiscus species were described based

on differences in cell morphology and thecal plate

architecture. The first additional species reported was G.

belizeanus Faust 1995, a sand-dwelling species that was part

of a dinoflagellate assemblage observed in a shallow lagoon

in Belize (Faust, 1995). G. belizeanus was described as a new

species based on differences in fine thecal surface morphol-

ogy and the shape of the posterior intercalary plate (1p). G.

yasumotoi Holmes 1998 was identified from macroalgae in

Singapore based on differences with the aforementioned

species in cell size and shape, girdle displacement, shape of

the apical pore plate (Po), and arrangement of the sulcal lists

(Holmes, 1998). The final three species, G. pacificus, G.

australes and G. polynesiensis were collected from red

calcareous macroalgae in French Polynesia (Chinain et al.,

1999). These three were described as distinct species based

on differences in cell size and shapes of the 1p and Po plates.

While toxin production by G. belizeanus has not been

investigated; toxin production by the other four species is

confirmed (Chinain et al., 1999).

The association between geographic patterns of fish toxicity

and the preponderance of highly toxic strains of G. toxicus has
not been explored. However, studies of Gambierdiscus at the

molecular level may ultimately help explain the heterogeneity

observed in the toxin structures present in the food chain and

the differences in ciguatera symptoms. The application of

molecular techniques could also foster the development of

molecular markers for distinguishing toxic from non-toxic

strains, a tool critical for predicting local ciguatera risk.

However, surprisingly few studies have directly examined

patterns of genetic variation in G. toxicus or sought to address

the molecular basis of toxin production.

Initial research into the genetic diversity of G. toxicus

focused on inferring genetic variation from heterogeneity in

phenotypic characteristics among isolates such as morphology

and physiology. Variability in cell sizes and shapes has been

documented in field samples (Adachi and Fukuyo, 1979) as

well as among laboratory cultures (Durand-Clement, 1987;

Chinain et al., 1997), with cell size increasing during the

stationary growth stage (Durand-Clement, 1986). Differences

in growth rates (Bomber et al., 1989; Sperr and Doucette, 1996;

Chinain et al., 1997), toxin production (Bomber et al., 1989;

Holmes et al., 1990, 1991; Sperr and Doucette, 1996) and

isozyme electrophoretic profiles (Chinain et al., 1997)

documented substantial metabolic and biochemical hetero-

geneity among isolates.

Babinchak et al. (1994) directly examined genetic diversity

using restriction fragment length polymorphism (RFLP) of the

large subunit (LSU) ribosomal DNA gene, showing that

substantial genetic variability does indeed exist among globally

distributed strains. RFLP of the small subunit (SSU) rDNA

recovered different ribotypes within local populations of G.

toxicus in French Polynesia; additionally, sequence analysis of

the LSU rDNA indicated the potential utility of this gene as a

biogeographic marker (Chinain et al., 1998). Notwithstanding

the intriguing results of these studies, a comprehensive

examination of genetic variation among globally distributed

strains using DNA sequencing is still lacking; furthermore, the

phylogenetic relationships of the Gambierdiscus morphospe-

cies are not fully understood.

The scant and fragmentary nature of the phylogenetic

information that exists regarding the foremost Gambierdiscus

species, G. toxicus, contributes to the confusion. Currently

there is considerable uncertainty regarding phylogenetic

patterns as well as the degree of morphological plasticity that

exists in this species and if, in fact, G. toxicus is a single

cosmopolitan species with worldwide circumtropical distribu-

tion or a wide-ranging species complex. Therefore, it is unclear

whether documented variation in toxin production and the

seemingly stochastic nature of ciguatera toxicity are strictly

due to the influence of environmental triggers or also relate to

the presence and relative abundance of different genetic strains

across the range of G. toxicus.

To address the deficiency of phylogenetic information

regarding G. toxicus we examined the genetic diversity of

globally distributed strains using DNA sequencing of the LSU

and SSU rDNA. These isolates were also analyzed using

scanning electron microscopy (SEM) to confirm that their

morphological characteristics conformed to the species
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description of G. toxicus. Combining the morphological and

molecular analysis accounts for both phenotypic and genotypic

characters to provide a robust assessment of the taxonomic

classification of these strains. Additionally, examining mor-

phological variability within a phylogenetic framework

distinguishes phenotypically stable from plastic characters

and between ancestral and derived characters used in

morphological classifications. Furthermore, this phylogenetic

characterization provides a foundation for future molecular

research into the evolutionary history of this important species

and its association with environmental patterns of toxicity.

2. Materials and methods

2.1. G. toxicus cultures

A total of 28 globally distributed G. toxicus isolates (16

Pacific, 12 Atlantic/Caribbean) were obtained as live or frozen

(one isolate) cultures from the National Oceanic and Atmo-

spheric Administration (NOAA) Marine Biotoxins Program,

the Provasoli-Guillard National Center for Culture of Marine

Phytoplankton (West Boothbay Harbor, ME, USA), and Dr.

Donald Tindall (Southern Illinois University Carbondale). Live

cultures were maintained in flasks with 50 mL of ES (Provasoli,

1968) or K (Keller et al., 1987) medium at 25 8C and at a photon

flux density of ca. 160 mmol photons m�2 s�1, on a 14:10

light:dark cycle. A complete listing of the isolate identification

numbers, known synonyms, collection location, geographic

region, isolator and source is provided in Table 1, including one

sample obtained from Genbank (accession no. DQ388463).

2.2. DNA extraction, PCR amplification, cloning and

sequencing

DNA was extracted from live cells of each isolate using

Chelex1 (Bio-Rad) chelating resin (Walsh et al., 1991;

Richlen and Barber, 2005) and from the frozen cell pellet

(isolate BB01) using a DNeasy Tissue kit (Qiagen, Santa

Clarita, CA) following the manufacturer’s instructions.

Because it has been used successfully in previous taxonomic

and phylogenetic studies on G. toxicus (Chinain et al., 1998,

2001), the D8–D10 hypervariable region of the LSU rDNA was

amplified from all isolates via PCR using the primers FD8 and

RB (Chinain et al., 1999). To obtain additional phylogenetic

resolution, 18S rDNA (SSU) was amplified from 19 selected

isolates using the primers 18ScomF1 and Dino18SR1 (Lin

et al., 2006). For both LSU and SSU, PCR reactions contained

1.0 mL template DNA, 14.5 mL sterile deionized water, 2.5 mL

GeneAmp1 10� PCR buffer composed of 500 mM potassium

chloride and 100 mM Tris–HCl (pH 8.3 at room temperature),

2.5 mL, 8 mM dNTPs (2 mM each of dATP, dCTP, dGTP and

dTTP), 2.0 MgCl2 (25 mM), 1.25 mL of each primer (10 mM),

and 0.125 units/mL AmpliTaq1 DNA polymerase. Amplifica-

tions were performed using a Biometra TGradient Thermo-

cycler (Biometra, Germany) as follows: 94 8C for 4 min; then

35 cycles of 94 8C for 30 s, 57 8C for 1 min, 72 8C for 2 min; a

final extension of 72 8C for 10 min. PCR amplification products
were visualized by electrophoresis on 1% TBE low melt

agarose (ISC BioExpress GenePureTM) gel. If PCR products

yielded more than one band, the appropriate sized band was

excised from the gel and purified using a Qiagen MinElute Gel

Extraction kit (Qiagen, Santa Clarita, CA) following the

manufacturer’s instructions. PCR products were cloned into

vector pCR 2.1 using a TOPO TA cloning kit (Invitrogen,

Carlsbad, CA, USA). Clones were screened for inserts by PCR

amplification with plasmid primers T7 or M13F and M13R and

eight positive clones from each PCR amplicon were selected for

DNA sequencing.

DNA sequencing was conducted on an Applied Biosystems

(ABI) 377 and ABI 3730XL capillary sequences (Applied

Biosystems, Foster City, CA, USA) using BigDye# Version

3.1 (PerkinElmer) terminator chemistry. A total of 6 mL

volume was used in cycle sequencing reactions, comprised of

1 mL template, 1.7 mL 5� buffer, 0.5 mL of each primer

(10 mM), 1.0 mL BigDye, 1.8 mL sterile deionized water.

Thermocycling parameters used in the reaction are as follows:

30 cycles of 96 8C for 10 s, 50 8C for 5 s and 60 8C for 4 min.

Samples were concentrated using isopropanol precipitation,

resuspended in HiDi Formamide, and stored at 4 8C until

sequencing.

2.3. Phylogenetic analysis

Forward and reverse sequences were edited and aligned by

eye in SequencherTM. Comparisons using the Basic Local

Alignment Search Tool (BLAST) confirmed that all of the

resulting LSU sequences were dinoflagellate large subunit

rRNA and that SSU sequences were G. toxicus SSU rRNA.

Modeltest V. 3.7 (Posada and Crandall, 1998) was then used to

select the most appropriate model of nucleotide substitution for

phylogenetic analyses.

Phylogenetic trees were constructed with PAUP* 4.0b10

(Swofford, 2002) using maximum parsimony (MP) and

maximum likelihood (ML) analyses using Prorocentrum

micans LSU (accession no. X16108) or SSU (accession no.

AJ415519) rDNA as outgroups. Parsimony analyses were

conducted using the heuristic search, simple addition, with gaps

treated as missing data. Heuristic searches using maximum

likelihood employed the following model parameters: (1) for

the LSU data the Tamura–Nei plus gamma model (TrNef + G)

(Tamura and Nei, 1993) was used with equal base frequencies,

six variable substitution rates (AC: 1.0000, AG: 2.4526, AT:

1.0000, CG: 1.0000, CT: 3.6668 and GT: 1.0000) and a gamma

distribution of 0.3029; (2) for the SSU data the TrNef + G

model was employed with equal base frequencies, six variable

substitution rates (AC: 1.0000, AG: 2.7241, AT: 1.0000, CG:

1.0000, CT: 3.4811 and GT: 1.0000), and a gamma distribution

of 0.7001. Bootstrap support values were determined for both

parsimony and maximum likelihood using 1000 replicates.

2.4. Morphological analyses

Due to the extensive variation observed in the phylogenetic

analysis, morphological characters were examined to ascertain



Table 1

Isolate identification number, collection location, geographic region, isolator (if known) and source of Gambierdiscus toxicus isolates examined (ND: no data)

Strain number Collection location Region Isolator Source

CCMP 1649 (C103) Grand Cayman Island Caribbean Sea, North Atlantic J. Babinchak CCMP

CCMP 399 (SB03) St. Barthelemy Island Caribbean Sea, Atlantic Ocean M. Durand-Clement CCMP

CCMP 401 St. Barthelemy Island Caribbean Sea, North Atlantic M. Durand-Clement CCMP, Genbank

BZ100 Belize Caribbean Sea, North Atlantic S. Morton S. Morton

BZ100B Belize Caribbean Sea, North Atlantic S. Morton S. Morton

BZ100C Belize Caribbean Sea, North Atlantic S. Morton S. Morton

CCMP 1655 (MQ2) Martinique Caribbean Sea, North Atlantic J. Babinchak S. Morton

B775 Mullet Bay, Bahama North Atlantic D. Tindall D. Tindall

FIT113 Knight Key, Florida North Atlantic D. Tindall D. Tindall

CM515 Cancun, Mexico Caribbean Sea, North Atlantic D. Tindall D. Tindall

BB01 Bermuda North Atlantic J. Babinchak S. Morton

CCMP 1653 (T39) Hawaii North Pacific N. Withers CCMP

CCMP 1654 (G05) Guam, Northern Mariana Islands Micronesia, North Pacific J. Babinchak CCMP

A213 Heron Island, Australia South Pacific D. Tindall D. Tindall

F106 Viti Levu, Fiji Islands Melanesia, South Pacific D. Tindall D. Tindall

TT302B Tol, Truk Micronesia, North Pacific D. Tindall D. Tindall

MJ312B Majuro, Marshall Islands Micronesia, North Pacific D. Tindall D. Tindall

FP100 Gambier Islands, French Polynesia Polynesia, South Pacific ND D. Tindall

177 Hawaii North Pacific N. Withers D. Tindall

BIG1 Hawaii North Pacific M. Parsons S. Morton

BIG2 Hawaii North Pacific M. Parsons S. Morton

BIG3 Hawaii North Pacific M. Parsons S. Morton

BIG5 Hawaii North Pacific M. Parsons S. Morton

BIG8 Hawaii North Pacific M. Parsons S. Morton

T04 Tahiti, French Polynesia Polynesia, South Pacific J. Babinchak S. Morton

CCMP 1650 (MR1) Moorea, Society Islands Micronesia, South Pacific J. Babinchak CCMP

CCMP 1657 (G02) Palau Micronesia, North Pacific J. Babinchak CCMP

Sources included cultures maintained by S. Morton (NOAA Marine Biotoxins Program), the Provasoli-Guillard National Center for Culture of Marine Phytoplankton

(CCMP), Dr. Donald Tindall (Southern Illinois University Carbondale) and Dr. Michael Parsons (Florida Gulf Coast University).
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that the isolates examined in this study conformed to the species

description of G. toxicus. Morphological characters important

in the identification and discrimination of Gambierdiscus

species include cell size and shape, thecal surface morphology,

shape of the apical pore plate, shape and size of the posterior

intercalary plate (summarized in Table 2) (Chinain et al., 1999).

These characters were examined for each isolate using scanning

electron microscopy. For the morphological analyses, approxi-

mately 1 mL of each culture was preserved in 4% buffered

formalin and exposed to a graded series of sterile seawater/

freshwater washes, beginning with 100% seawater and ending

with 100% freshwater. Samples were then dehydrated using a

graded series of ethanol washes, filter-mounted to a stub and
Table 2

Summary of morphological characteristics diagnostic of Gambierdiscus species

Species Morphology Cell size

transdiameter (mm)

Thecal

surface

Api

plat

G. toxicusa,d Flattened 42–140 Smooth Ellip

G. yasumotoib Globular 38–50 Smooth Elon

shan

G. belizeanusc,d Flattened 54–63 Rugose Ellip

G. polynesiensisd Flattened 68–85 Smooth Tria

G. australesd Flattened 76–93 Smooth Bro

G. pacificusd Flattened 67–77 Smooth Fou

a Adachi and Fukuyo (1979).
b Holmes (1998).
c Faust (1995).
d Chinain et al. (1999).
then air-dried. The stubs were sputter coated with gold

palladium (Tousimis Samsputter-28, Tousimis) and examined

and photographed using a JOEL JSM-840 scanning electron

microscope (JOEL, Tokyo, Japan). Cell dimensions were

determined by examining formalin-preserved samples at 200�
on a Zeiss Axioskope microscope (Ziess, Jenna, Germany).

Transdiameter measurements of at least 10 cells were recorded.

Morphological characters for all but two of the isolates were

analyzed: BB01 was only available as a frozen cell pellet and

was not suitable for SEM analysis due to the degree of

fragmentation of the thecae, and the culture of isolate CCMP

1657 died before the morphology could be examined and is no

longer available.
cal pore

e (Po)

Posterior intercalary plate (1p)

soid Broad plate (�one-third of hypothecal width)

gate (long-

k fishhook)

Long, narrow, pentagonal (�20–25% of hypothecal width)

soid Short, narrow, pentagonal (�20–25% of hypothecal width)

ngular Broad plate (�60% of hypothecal width)

adly ellipsoid Long, narrow, pentagonal (�30% of hypothecal width)

r-sided Short, narrow, pentagonal (�20% of hypothecal width)
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3. Results

3.1. LSU rDNA phylogenetic analysis

A total of 786 basepairs of the LSU rDNA gene were

analyzed from each strain. Of these 178 were parsimony

informative, 360 were parsimony uninformative, and the

remaining were invariable. Intra-isolate sequence variability

in the LSU rDNA sequences ranged from 0 to 3%. Uncorrected

pair-wise sequence divergence among isolates ranged from <1

to 15%. Results of parsimony and maximum likelihood

phylogenetic analyses indicate G. toxicus is composed of four

distinct, well-supported lineages, identified as Clades A–D

(Fig. 1). Clade A consisted of two isolates, the only Atlantic

strain (Bermuda) used in this study and a Caribbean isolate

(Cancun). Clade B was comprised of three strains from the

Caribbean (St. Barthelemy (2), Martinique), two from the

Pacific (Moorea, Marshall Islands), and the single Australian

isolate. Clade C consisted of exclusively Pacific isolates, four of

which were from Hawaii and the one from the Gambier Islands.

Clade D consisted of several isolates from both the Caribbean/

Atlantic (Belize, Jamaica, Bahamas, Cayman Islands and FL)

and the Pacific (Hawaii, Fiji, Truk, Palau and Guam). The

isolates in Clade D further split into two groups, one of which

included the strains from Hawaii, Fiji and Guam, while the

other included Truk, Palau, Tahiti, Hawaii and the Caribbean

strains. Although these four major clades were supported by
Table 3

Morphological characteristics of G. toxicus isolates examined, including Po plate,

Isolate Apical pore

plate (Po)

Posterior intercalary

plate (1p)

Thec

surfa

BB01 ND ND ND

CM515 Broadly ellipsoid Broad Smo

A213 Ellipsoid Short, narrow Rug

CCMP 1650 Ellipsoid Short, narrow Rug

CCMP 1655 Ellipsoid Short, narrow Rug

CCMP 399 Ellipsoid Short, narrow Rug

CCMP 401 Ellipsoid Short, narrow Rug

MJ312B Ellipsoid Short, narrow Rug

177 Ellipsoid Broad Smo

BIG1 Ellipsoid Broad Smo

BIG2 Ellipsoid Broad Smo

BIG3 Ellipsoid Broad Smo

CCMP 1653 Ellipsoid Broad Smo

FP100 Triangular Broad Smo

BIG8 Ellipsoid Broad Smo

B775 Ellipsoid Broad Smo

BIG5 Ellipsoid Broad Smo

BZ100 Ellipsoid Broad Smo

BZ100B Ellipsoid Broad Smo

BZ100C Ellipsoid Broad Smo

CCMP 1649 Ellipsoid Broad Smo

CCMP 1654 Ellipsoid Broad Smo

CCMP 1657 ND ND ND

F106 Ellipsoid Broad Smo

FIT113 Ellipsoid Broad Smo

NJ920D Broadly ellipsoid Broad Smo

T04 Ellipsoid Broad Smo

TT302B Ellipsoid Broad Smo

Morphological groupings are based on concordance with species descriptions (see
high bootstrap values (100%), the relationships among them

were poorly resolved. Equivalent results were obtained from

maximum parsimony (Fig. 1).

3.2. SSU rDNA phylogenetic analysis

A total of 681 characters of the SSU rDNA gene were

analyzed from each strain. Of these, 228 were parsimony

informative, 85 were parsimony uninformative and the

remaining were invariable. Intra-isolate sequence variability

in the SSU rDNA sequences ranged from 0 to 5%. Uncorrected

pair-wise sequence divergence among isolates ranged from <1

to 25%. In both ML and MP analyses, the isolates again split

into four major clades, the composition of which was identical

in each analysis (Fig. 2). The composition of these four clades

was identical to the four clades recovered in the LSU rDNA

phylogeny with one exception: in the SSU rDNA analysis,

BIG8 (Hawaii) clustered with Clade C, but clustered with Clade

D in the LSU rDNA analysis. As was observed in the LSU

rDNA phylogenetic analyses, support for the four clades was

high (100% bootstrap values), but the relationships among them

were poorly resolved.

3.3. Morphological analysis

The cell sizes of the 26 G. toxicus isolates analyzed (Table 3)

fell within published values (Fukuyo, 1981; Taylor et al., 2003)
1p plate, thecal surface morphology, cell shape and cell size (transdiameter)

al

ce

Cell

shape

Cell size

(mm)

Morphological group

ND ND ND

oth Round 74–85 Group 2 (unknown)

ose Round 58–69 Group 3 (G. belizeanus)

ose Heart-shaped 62–76 Group 3 (G. belizeanus)

ose Round 53–69 Group 3 (G. belizeanus)

ose Round 51–79 Group 3 (G. belizeanus)

ose Round 58–78 Group 3 (G. belizeanus)

ose Round 59–75 Group 3 (G. belizeanus)

oth Round 65–80 Group 1 (G. toxicus)

oth Heart-shaped 69–83 Group 1 (G. toxicus)

oth Round 52–80 Group 1 (G. toxicus)

oth Round 50–72 Group 1 (G. toxicus)

oth Round 71–88 Group 1 (G. toxicus)

oth Round 71–92 Group 2 (unknown)

oth Round 51–68 Group 1 (G. toxicus)

oth Round 75–100 Group 1 (G. toxicus)

oth Round 83–111 Group 1 (G. toxicus)

oth Round 53–73 Group 1 (G. toxicus)

oth Round 64–85 Group 1 (G. toxicus)

oth Round 66–82 Group 1 (G. toxicus)

oth Round 68–91 Group 1 (G. toxicus)

oth Heart-shaped 94–103 Group 1 (G. toxicus)

ND ND ND

oth Round 75–88 Group 1 (G. toxicus)

oth Round 84–99 Group 1 (G. toxicus)

oth Round 72–99 Group 2 (unknown)

oth Round 84–109 Group 1 (G. toxicus)

oth Round 74–101 Group 1 (G. toxicus)

text).



Fig. 1. Maximum likelihood tree (ML) based on analysis of the domains D8–D10 of the large subunit rDNA gene. Bootstrap values (1000 replications) greater than

50% from maximum likelihood/maximum parsimony analyses are shown above or adjacent to each node. Prorocentrum micans was used as an outgroup. Results of

the morphological analyses of the isolates are displayed next to the corresponding branch. Morphological characters analyzed include the posterior intercalary plate

(B: broad, S: short), apical pore plate (E: ellipsoid, BE: broadly ellipsoid, T: triangular) and thecal surface morphology (Sm: smooth, R: rugose). ND: no data.
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and all cells were flattened anteroposteriorly. All cultures

displayed the plate formula of Po, 30, 700, 6c, 8s, 5000, 1p and 20000.
Although sulcal plates were not examined in this study, all

samples conformed to Gambierdiscus based on the above

characters.

We found variability in three important features used to

diagnose Gambierdiscus species: thecal surface morphology,

Po plate shape, and 1p plate shape. The thecal surfaces of all but
six of the strains were smooth and covered with numerous

evenly distributed pores, which is characteristic of all but one of

the Gambierdiscus species described thus far. However, the

thecae of six isolates were rugose (see Fig. 3 and Table 3) and

similar in appearance to G. belizeanus, which is described as

having an areolate thecae surface (Faust, 1995).

In addition to thecal surface morphology, the shape of the Po

plate is also used to diagnose Gambierdiscus species. The Po



Fig. 2. Maximum likelihood tree (ML) based on analysis of the small subunit rDNA gene. Bootstrap values (1000 replications) greater than 50% from maximum

likelihood/maximum parsimony analyses are shown above or adjacent to each node. Prorocentrum micans was used as outgroup. Results of the morphological

analyses of the isolates are displayed next to the corresponding branch. Morphological characters analyzed include the posterior intercalary plate (B: broad, S: short),

apical pore plate (E: ellipsoid, BE: broadly ellipsoid, T: triangular) and thecal surface morphology (Sm: smooth, R: rugose). ND: no data.
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plate is ellipsoid in G. toxicus and G. belizeanus, broadly

ellipsoid in G. australes, triangular in G. polynesiensis,

elongated ellipsoid in G. yasumotoi, and four-sided in G.

pacificus (Adachi and Fukuyo, 1979; Faust, 1995; Holmes,

1998; Chinain et al., 1999). All but three of the isolates

examined had an ellipsoid-shaped Po plate featuring the fish-
hook shaped opening characteristic of G. toxicus (see Fig. 4);

however, two of the isolates featured what has been described

as a ‘‘broadly ellipsoid’’ Po plate characteristic of G. australes

and one isolate featured a ‘‘triangular’’ Po plate characteristic

of G. polynesiensis (see Fig. 5) (Chinain et al., 1999). The pore

count on the Po plate was not a stable character among the



Fig. 3. SEM micrographs of isolates featuring rugose thecal surface morphology, characteristic of G. belizeanus. Epithecal view; Scale bars: 10 mm; subset of isolates

shown: (A) A213; (B) CCMP 1650; (C) CCMP 399.
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isolates examined, but varied from under 20 (CCMP 401) to 40

(B775); furthermore, variability in pore count was also

observed among monoclonal cells (data not shown).

The final thecal characteristic used to distinguish Gambier-

discus species is the size and shape of the 1p plate. In G. toxicus

and G. polynesiensis this plate is broad, occupying approxi-

mately 35 and 60% of the hypothecal width, respectively,

whereas in G. pacificus and G. belizeanus this plate is short and

narrow, occupying approximately 20% of the hypothecal width

(Faust, 1995; Chinain et al., 1999). G. yasumotoi and G.

australes both feature a long, narrow 1p plate that occupies 20–

30% of the hypothecal width (Holmes, 1998; Chinain et al.,

1999). The isolates we examined exhibited two of the

aforementioned 1p plate morphologies. Most featured a broad

plate occupying one-third or more of the hypothecal width,

characteristic of G. toxicus (see Fig. 6). However, one group

comprised of isolates from the Marshall Islands (MJ312B), St.

Barthelemy (CCMP 399/CCMP 401), Moorea (CCMP 1650),

Australia (A213) and Martinique (CCMP 1655) exhibited a
short, narrow 1p plate and rugose thecal surface characteristic

of G. belizeanus (see Fig. 7).

Based on the thecal plate architecture and surface

morphology, the isolates are split into three morphologically

distinct groups (see Table 3). The morphological features of

Group 1 included a flattened cell shape, smooth thecal surface,

ellipsoid Po plate and broad 1p plate, all of which are diagnostic

of G. toxicus. Group 2 featured identical morphology to the first

group, with the exception of the Po plate. While the Po plate

diagnostic of G. toxicus is ellipsoid, two isolates in the second

group featured a broadly ellipsoid Po plate characteristic of G.

australes, and one isolate featured a triangular Po plate

characteristic of G. polynesiensis. The morphological char-

acteristics of Group 3 included a rugose thecal surface and

ellipsoid Po plate. Furthermore, the 1p plate is short and narrow.

Based on these characteristics, Group 3 agrees with the species

description of G. belizeanus, corresponding to samples from

Clade B. However, no other concordance between phylogenetic

and morphological groupings was observed.



Fig. 4. SEM micrographs of isolates featuring ellipsoid apical pore plate (Po) morphology, characteristic of G. toxicus. Epithecal view; scale bars: 1 mm; subset of

isolates shown: (A) CCMP 1650; (B) CCMP 399; (C) CCMP1649; (D) CCMP 1653; (E) FIT113; (F) 177.
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4. Discussion

Our analyses indicate that G. toxicus is not a homogeneous

taxon; instead, it is composed of genetically and morpholo-

gically distinct groups that vary across geography. Phylogenetic

analyses using LSU and SSU rDNA sequences identified four,

well-supported lineages separated by substantial genetic

distances. Two of the clades (Clades B and D) are apparently

widespread, while Clades A and C are regionally restricted to
the Atlantic/Caribbean and Pacific, respectively. Our results

agree with Babinchak et al. (1996), who reported limited

concordance of phylogenetic patterns and biogeography using

RFLP data of LSU rDNA from 20 globally distributed G.

toxicus strains. However, these patterns contrast with Chinain

et al. (1998, 2001) in which the grouping of G. toxicus LSU

rDNA sequences corresponded to their geographic origin, a

pattern that may result from restricted geographic sampling.

While this study and Babinchak et al. (1996) analyzed cultures



Fig. 5. SEM micrographs of isolates featuring anomalous apical pore plate (Po) morphology. Epithecal view; scale bars: 1 mm; subset of isolates shown: (A) CM515

and (B) NJ920D featured a broadly ellipsoid Po plate, characteristic of G. australes; (C) FP100, triangular Po plate, characteristic of G. polynesiensis.
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isolated from the Caribbean/Western Atlantic (Bermuda) as

well as the Pacific (Hawaii, Polynesia, Micronesia and

Australia), studies by Chinain et al. (1998, 2001) primarily

utilized isolates from the southern Pacific. Our results strongly

indicate that G. toxicus is not a single cosmopolitan species, but

instead is a species complex comprised of several distantly

related groups co-occurring across geography. The presence

and relative abundance of the members of this species complex

among geographic regions may help explain patterns of

ciguatera toxicity, particularly if differences in physiology and/

or toxin-producing capabilities also exist among these groups.

While Clades A and C were regionally restricted, Clades B

and D were widespread across the Pacific and Atlantic Oceans.

This latter pattern may reflect recent natural dispersal events,

which can occur via ocean currents, rafting on drift algae

(Bomber et al., 1988) and plastic debris (Masó et al., 2003).

However, this scenario would necessitate dispersal of this

tropical species through temperate or subtemperate waters of

Cape Horn or the Cape of Good Hope, suggesting that natural

contemporary dispersal is unlikely. Natural dispersal could

have occurred historically via the Panama Seaway prior to the

closure of the Isthmus of Panama 3.1 million years ago (Coates
and Obando, 1996). However, given that regional genetic

divergence is commonplace in populations of marine species

isolated by the closure of the isthmus (Bermingham and

Lessios, 1993; Knowlton et al., 1993; Bermingham et al., 1997;

Marko, 2002) it is extremely unlikely that Pacific and Atlantic

populations would remain genetically homogeneous following

3.1 millions of years of isolation.

Given that the distribution of Clades B and D cannot be

easily explained by natural processes, the alternative is human

aided dispersal, such as inadvertent anthropogenic transport in

ships’ ballast water (Hallegraeff and Bolch, 1992). Although it

is not known whether G. toxicus is capable of encystment and

survival in ballast, both cyst and non-cyst forming species of

dinoflagellates have been isolated and cultured from ballast

tank sediments (Hallegraeff and Bolch, 1992). The transport of

G. toxicus strains from one region to another could serve as a

mechanism by which an ecosystem is ‘‘seeded’’ with highly

toxic strains and would help explain the emergence of ciguatera

in an area previously regarded as non-toxic. These human-

mediated dispersal events would also contribute to seemingly

random nature of outbreaks and represent a latent public health

issue in affected areas.



Fig. 6. SEM micrographs of isolates featuring broad posterior intercalary plate (1p) morphology, characteristic of G. toxicus. Hypothecal view; scale bars: 10 mm;

subset of isolates shown: (A) FIT113; (B) F106; (C) 177; (D) TT302B; (E) CM515; (F) BIG2.
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Fig. 7. SEM micrographs of isolates featuring short, narrow posterior intercalary plate (1p) morphology, characteristic of G. belizeanus. Hypothecal view; scale bars:

10 mm; subset of isolates shown: (A) A213; (B) CCMP 1655; (C) CCMP 1650; (D) CCMP 401.
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4.1. Phylogenetic analyses

The distance values separating these lineages are in excess of

what has been documented among species of dinoflagellates

(Costas et al., 1995; Grzebyk et al., 1998; Edvardsen et al.,

2003). Particularly notable were the distance values among the

SSU rDNA sequences, which ranged from <1 to 25%. This is

contrary to other studies of dinoflagellates in which these

sequences are nearly identical among congeneric species

(McNally et al., 1994; Costas et al., 1995). For example, in

studies of symbiotic dinoflagellates isolated from coral tissue

samples, sequences with only 1.6% sequence divergence were

considered to potentially originate from different species

(Darius et al., 2000). Thus, G. toxicus may have an unusually
high rate of molecular evolution, or cryptic species may occur

within the four divergent clades as well.

Although there was substantial concordance with respect

to clade recovery, the branching order of the ancestral

lineages differed between the LSU and SSU rDNA

phylogenies. In the SSU rDNA phylogeny, Clade C was

basal and Clades A and B form a sister group to Clade D. In

contrast, the basal node in the LSU rDNA phylogeny is a

trichotomy with Clades B and C forming a sister group.

However, the branching order is supported by low bootstrap

values, indicating uncertainty in both the branching order and

placement of Clades A and C. More data from other markers

may be required to resolve the evolutionary relationships

among these groups.
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The composition of the four clades recovered in our analyses

was nearly identical between the LSU and SSU rDNA

phylogenies with one exception: the Hawaiian isolate BIG8

branched with Clade C in the SSU rDNA phylogeny and Clade

D in the LSU rDNA phylogeny. There are two potential

explanations for this pattern. First, either the LSU or SSU

sequence for this isolate may be a pseudogene. Pseudogenes

have been reported in both the LSU and SSU rDNA in

dinoflagellates (Scholin et al., 1993; Yeung et al., 1996;

Rehnstam-Holm et al., 2002; Santos et al., 2003); furthermore,

our previous analyses documented the potential for pseudo-

genes in G. toxicus LSU rDNA (Richlen and Barber, 2005).

However, the SSU rDNA and LSU rDNA phylogenies were

completely concordant for the remaining strains, indicating that

the results are robust and not impacted by pseudogenes with the

potential exception of the BIG8 Hawaii strain. A less likely

alternative explanation is that BIG8 is not a monoclonal culture,

but is composed of more than one isolate. Regardless of the

cause, we cannot be confident in the placement of the Hawaii

isolate given the discrepancy between analyses. However, the

placement of the BIG8 Hawaii strain does not impact the

overall results of the study.

4.2. Morphological analyses

Although taxonomic classifications of dinoflagellates are

primarily based on external morphological features such as the

thecal plate architecture, the relationship between the

phenotypic characteristics such as morphology and physiology,

and the genotype is poorly understood. In most instances the

morphological features closely correspond with the molecular

phylogeny; however, sometimes there is a marked lack of

concordance (Scholin, 1998; Wilcox, 1998).

In our analyses, certain morphological characters used to

distinguish Gambierdiscus species were homogeneous among

distantly related isolates. For example, with the exception of

Clade B (below), 1p plate architecture and fine thecal surface

morphology remained conserved among distantly related

groups. In contrast, other features were heterogeneous among

closely related isolates. For example, all but three of the isolates

featured ellipsoid Po plate architecture diagnostic of G. toxicus.

However, NJ920D (Clade D) and CM515 (Clade A) featured a

broadly ellipsoid Po plate and FP100 (Clade C) featured a

triangular Po plate, while the remaining isolates in each of these

clades featured the typical ellipsoid Po plates. Hence, our

analyses showed no phylogenetic concordance with respect to

this particular morphological feature.

In only one case did a morphologically unique group

correspond to a monophyletic clade (Clade B) in the molecular

analysis. Clade B isolates from the Caribbean Sea and the

Pacific Ocean were distinguished by a short, narrow 1p and

rugose thecal surface, a morphology that agrees with the

species description of G. belizeanus, the only Gambierdiscus

species with this particular thecal surface morphology (Faust,

1995). The morphology of Clade B also contrasts with

published descriptions of G. toxicus and the other isolates used

in our analyses, all of which exhibit a broad 1p plate and smooth
thecal surface. Based upon our morphological and rDNA

analyses, results suggest that G. toxicus isolates from Clade B

are likely G. belizeanus. However, neither Genbank sequences

nor live cultures of this species are available for comparison.

4.3. Taxonomic implications

Although substantial genetic distances separate the four

main clades recovered in the SSU and LSU rDNA analyses of

G. toxicus isolates, Clades A, C and D are morphologically

homogenous, exhibiting the features diagnostic of G. toxicus.

Despite the absence of phenotypic information that demon-

strates true functional diversity among Clades A, C and D, the

depth of divergence among these clades is comparable to that of

Clade B, which is clearly morphologically unique. Thus, we

suggest that G. toxicus is not a single cosmopolitan species with

a worldwide circumtropical distribution but instead comprises a

wide-ranging species complex. Additional studies examining

the characteristics of these isolates within a phylogenetic

framework may uncover physiological or ecological differ-

ences among these groups that support their classification as

distinct species.

The limitations of and problems with using morphological

characters to define species often presents challenges in

dinoflagellate systematics, prompting the discussion of

phytoplankton species concepts and how molecular, physio-

logical and morphological criteria should be used to delineate

species boundaries (Taylor, 1985, 1993; Manhart and McCourt,

1992; Wood and Leatham, 1992; Anderson et al., 1994;

Gallagher, 1998; Scholin, 1998). Although morphospecies

designations frequently provide an accurate representation of

evolutionary relationships, in certain phytoplankton a dis-

connect has been observed between morphospecies classifica-

tions, physiological characteristics and genetic relatedness,

calling into question the utility of using certain characters to

diagnose and identify new species. The degree and nature of

phenotypic disconnect documented thus far is highly variable

among taxa. For example, both morphospecies and toxin

production agree with phylogenetic classifications in Pseudo-

nitzchia diatoms (Scholin et al., 1994a). In contrast, previous

morphospecies classifications were not supported by phyloge-

netic analyses in both the Alexandrium tamarense complex, yet

toxin production is strictly concordant with phylogenetic

lineages (Scholin et al., 1994b; Scholin, 1998). These examples

illustrate the problems associated with evaluating morphos-

pecies classifications that are not necessarily reflective of

ecological and/or physiological differences and emphasize the

need for quantitative studies that test the utility of species

boundaries (Anderson et al., 1994). McNally et al. (1994)

suggested that the morphological characters used in the

determination of systematic affiliations among some dino-

flagellate groups need to be re-evaluated, particularly in the

context of which structures may be appropriately regarded as

primitive and which are derived.

Although the association between phylogenetic relation-

ships and phenotypic characteristics is sometimes tenuous,

evaluating phenotypic characters within a phylogenetic frame-



M.L. Richlen et al. / Harmful Algae 7 (2008) 614–629 627
work is an effective method for distinguishing plastic from

stable characteristics. Combining morphological data with

phylogenetic analyses is a useful approach that is increasingly

being used to assess taxonomic classifications based on

morphospecies and to evaluate evolutionary relationships

among taxa. This method has an added advantage in that it

also provides a framework for distinguishing between ancestral

and derived characters used in morphological classifications

and allows testing of whether a morphological feature used in

taxonomic classifications is truly diagnostic. Our analyses

showed that an important morphological feature used to

distinguish Gambierdiscus morphospecies, Po plate shape, was

variable among isolates of G. toxicus and did not reflect

phylogenetic groupings; hence its utility as a diagnostic feature is

questionable. However, the size of the 1p plate appears to be

a stable and useful morphological feature for taxonomic

purposes. This is not surprising, as hypothecal characters have

been shown to be more conservative than epithecal ones (Taylor,

1987). We found that epithecal features are limited in their

taxonomic utility for discriminating Gambierdiscus species and

their use should be restricted or at least carefully evaluated if they

are to be used for taxonomic purposes. Furthermore, the plastic

nature of the Po plate warrants further quantitative review of the

Gambierdiscus genus utilizing a geographically broad dataset to

determine if the species described using certain epithecal

features should be synonymized.

Given the substantial physiological differences that have

been observed among G. toxicus strains (Bomber et al., 1989;

Sperr and Doucette, 1996; Chinain et al., 1997), the

identification of multiple cryptic species raises the possibility

that variation in characteristics such as growth rates and toxin

production could have a phylogenetic basis. If so, differential

distribution of these phylogroups across tropical marine

ecosystems could help explain the seemingly random

distribution of ciguatera outbreaks. Conversely, a lack of

concordance would indicate that the causes underlying

variability in these characteristics are more complex, suggest-

ing that physiological difference could be strain specific or

environmentally driven. This research provides a framework

within which physiological characters may be examined to

determine if these features involve a phylogenetic component

or are derived, which may foster the development of new

hypotheses regarding the molecular and ecological determi-

nants of toxicity. Such work will be greatly facilitated by further

detailed physiological and morphological analyses that help

distinguish among the cryptic lineages of G. toxicus.
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