
P
h
P

O

C
G
D
(
h

A
M

a

b

S
M

C
w
t
G
s
w
s
f
2
v
B

1

2

3

e

A
G
C

h
1

rotist,  Vol.  170,  125699,  December  2019
ttp://www.elsevier.de/protis
ublished  online  date  31  October  2019

RIGINAL PAPER

haracterisation  of  Two  Toxic
ambierdiscus  spp.  (Gonyaulacales,
inophyceae)  from  the  Great  Barrier  Reef

Australia):  G.  lewisii  sp.  nov.  and  G.
olmesii  sp.  nov.

nna L. Kretzschmara,2,3,  Michaela E. Larssona,3, Mona Hoppenrathb,
artina A. Doblina, and Shauna A. Murraya,1

Climate  Change  Cluster  (C3),  University  of  Technology  Sydney,  PO  Box  123  Broadway,
Sydney, NSW,  2007,  Australia
Senckenberg  am  Meer,  German  Centre  for  Marine  Biodiversity  Research  (DZMB),
Südstrand 44,  D-26382  Wilhelmshaven,  Germany

ubmitted  November  15,  2018;  Accepted  October  22,  2019
onitoring  Editor:  Michael  Melkonian

iguatera  fish  poisoning  (CFP)  is  a  human  illness  caused  via  consumption  of  seafood  contaminated
ith neurotoxins  produced  by  some  species  from  the  epiphytic  dinoflagellate  genus  Gambierdiscus.  In

his study,  we  describe  two  new  species  of  Gambierdiscus  isolated  from  Heron  Island  in  the  Southern
reat Barrier  Reef,  Queensland,  Australia.  These  new  species  were  analysed  using  light  microscopy,
canning electron  microscopy,  and  phylogenetic  analyses  of  nuclear  encoded  ribosomal  ITS,  SSU  as

ell as  D1-D3  and  D8-D10  of  the  LSU  gene  regions.  Gambierdiscus  lewisii  sp.  nov.  (Po,  3′,  0a,  7′′,  6c,?
, 5′′′, 0p,  2′′′′)  is  distinguished  by  its  strong  reticulate-foveate  ornamentation  and  is  genetically  distinct
rom its  sister  species,  G.  pacificus. Gambierdiscus  holmesii  sp.  nov.  (Po,  3′, 0a,  7′′, 6c,  6s?,  5′′′, 0p,
′′′′) is  morphologically  distinct  from  the  genetically  similar  species  G.  silvae  because  of  a  strongly
entrally displaced  apical  pore  complex  and  a  characteristic  fold  at  the  anterior  edge  of  the  sulcus.
oth G.  lewisii  and  G.  holmesii  produce  putative  Maitotoxin-(44-Methylgambierone)  and  compounds
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which  show  ciguatoxin  and  maitotoxin-like  activities.  Identification  of  two  new  Gambierdiscus  species
will enable  us  to  more  accurately  assess  the  risk  of  CFP  in  Australia  and  internationally.

Key words:  Benthic  Harmful  Algal  Bloom  (BHAB);  Ciguatera  Fish  Poisoning  (CFP);  epiphytic  dinoflagellate;
Liquid Chromatography-Tandem  Mass  Spectrometry  (LC-MS/MS);  Morphology;  Phylogeny.
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Introduction

Ciguatera  fish poisoning  (CFP) arises when
humans  consume  marine fish  or invertebrates con-
taminated  with potent  neurotoxins  (Lehane  and
Lewis  2000).  Globally,  it is estimated  that between
50,000  and 200,000  people are affected  each year
by  CFP (Dickey and Plakas  2010;  Lehane  and
Lewis  2000),  making it one  of the most  prevalent
human  illnesses  associated  with seafood  consump-
tion  (Friedman  et al. 2017). Diagnosing  CFP is
challenging  because  its symptomology  is so com-
plex  and varied (Sims 1987).  Intoxication  can
manifest  as gastrointestinal  (e.g.  nausea,  vom-
iting,  diarrhoea, abdominal  pain),  cardiovascular
(e.g.  arrhythmia, heart block) and/or  neurologi-
cal  (e.g.  sensory changes, numbness, weakness
and  fatigue, blurred vision,  temperature  dysesthe-
sia)  symptoms  (Dickey and Plakas  2010;  Friedman
et  al. 2017;  Gillespie et al. 1985b).

The  primary neurotoxins  linked  with cases  of
CFP  are  ciguatoxins  (CTXs)  (Yasumoto  et al. 1977).
A  recent  study suggests maitotoxins  (MTXs) can
also  accumulate in fish tissue  (Kohli et al. 2014b),
but  their  role  in human illness requires  additional
investigation.  CTXs are  highly  potent,  lipophilic tox-
ins  that are known to activate voltage  gated sodium
channels  of mammalian  cells (Benoit  et al. 1986;
Legrand  et al.  1989; Lombet  et  al. 1987). CTXs
can  form more than 20 structural analogs  and the
following  forms P-CTX-3B,  P-CTX-3C,  P-CTX-4A,
P-CTX-4B,  are known to be produced  by some
species  of Gambierdiscus  (Chinain  et al. 2010;
Yogi  et al 2011, 2014). MTXs  are  highly  potent,
hydrophilic  toxins  which  increase  the intracellular
calcium  levels  of  mammalian cells (Gusovsky and
Daly  1990;  Murata  et al. 1992) and also  occur in
many  structural  forms (MTX-1,  MTX-2,  MTX-3 (44
Methylgambierone),  MTX-4)  (Holmes  and Lewis
1994;  Holmes  et al. 1990; Pisapia  et al. 2017).

CTXs  and MTXs  are  produced by some  species
of  the epibenthic  dinoflagellate  genus Gambierdis-
cus.  These  species have therefore  been  identified
as  the causative  organisms  of CFP (Yasumoto
et  al. 1977).  Gambierdiscus  toxicus  (Adachi and
Fukuyo)  Chinain, Faust, Holmes,  Litaker and  Tester

was the first species of  Gambierdiscus to be
described,  from samples  collected  in the Gam-
bier  Islands,  French Polynesia  (Adachi and Fukuyo
1979). For many years,  the  genus  was  thought  to
be  monotypic,  however increased  research and the
application  of sequencing  approaches  to taxonomic
identification  has  led to a significant  re-analysis of
species  within the Gambierdiscus  genus  and the
description  of many  new species  (Litaker et al.
2009). Additionally,  Gómez  et al.  (2015) used a
DNA  sequencing  approach  to re-classify some
morphologically  distinct  taxa  with globular shaped
cells  (Holmes 1998) into  a  new genus, Fukuyoa
F.Gómez,  D.X.Qiu, R.M.Lopes  & Senjie Lin. Thus,
the  genus Gambierdiscus  is  now comprised of  16
species  (Table 1) and 4 unidentified  clades, G. ribo-
type  2 (Litaker et al.  2009), G. sp. 3 (Nishimura et  al.
2013), G. sp. 4 (Xu et al. 2014), G. sp.  5 (Dai et al.
2017;  Xu et al. 2014), that are  genetically distinct
and  may constitute  new  undescribed  species.

Cases  of CFP  have  been reported  in Australia
as  far back as the  18th century (Lewis 2006). Since
then,  there have been large  outbreaks of the syn-
drome  and  two human  fatalities (Gillespie et al.
1985b;  Hamilton  et al. 2010). CFP in Australia  is pri-
marily  caused  by reef fish  caught  in tropical waters
along  the east coast (Clark and  Whitwell 1968;
Gillespie  et al. 1985a; Tonge  et  al. 1967), although
cases  are now being reported  from fish caught in
more  sub-tropical  locations (Farrell et al. 2016a, b,
2017;  Kohli et al., 2017). Despite the widespread
occurrence  of CFP in Australia, very  little  is known
about  the causative  organisms from this  region.
Holmes,  Lewis and  Gillespie  were  the first to isolate
strains  of Gambierdiscus  from Australia (Holmes
and  Lewis  1994; Holmes  et al. 1990, 1991). The
identities  of  the species from these studies remains
unconfirmed,  as they were isolated  prior to our cur-
rent  understanding  of the diversity  in the  genus,
and  therefore the morphological  descriptions  do not
contain  sufficient  information  for identification  by
current  standards (Litaker  et al. 2009). Murray et al.
(2014)  provided  a further glimpse  of the diversity
of  Gambierdiscus  from tropical eastern Australia.
Based  on sampling  at multiple sites in  the  cen-
tral  Great  Barrier Reef  (GBR) region,  three species
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Table 1. List  of  species  in  the  epibenthic  dinoflagellate  genus  Gambierdiscus.

G.  australes  Chinain  &  M.A.Faust  (Chinain  et  al.  1999)
G. balechii  S.Fraga,  F.Rodríguez  &  I.Bravo  (Fraga  et  al.  2016)
G. belizeanus  M.A.Faust  (Faust  1995)
G. caribeaus  Vandersea,  Litaker,  M.A.Faust,  Kibler,  W.C.Holland  &  P.A.Tester  (Litaker  et  al.  2009)
G. carolinianus  Litaker,  Vandersea,  M.A.Faust,  Kibler,  W.C.Holland  &  P.A.Tester  (Litaker  et  al.  2009)
G. carpenteri  Kibler,  Litaker,  M.A.Faust,  W.C.Holland,  Vandersea  & P.A.Tester  (Litaker  et  al.  2009)
G. cheloniae  K.F.Smith,  L.Rhodes  &  S.A.Murray  (Smith  et  al.  2016)
G. excentricus  S.Fraga  (Fraga  et  al.  2011)
G. jejuensis  S.Jang,  H.J.Jeong,  Y.D.Yoo  (Jang  et  al.  2018)
G. honu  Rhodes,  Smith  &  Murray  (Rhodes  et  al.  2017)
G. lapillus  Kretzschmar,  Hoppenrath  &  Murray  (Kretzschmar  et  al.  2017)
G. pacificus  Chinain  &  M.A.Faust  (Chinain  et  al.  1999)
G. polynesiensis  Chinain  &  M.A.Faust  (Chinain  et  al.  1999)
G. silvae  S.Fraga  &  F.  Rodríguez  (Fraga  and  Rodríguez  2014)
G. scabrosus  T.Nishimura,  Shinya  Sato  &  M.Adachi  (Nishimura  et  al.  2014)
G. toxicus  Adachi  &  Fukuyo  (Adachi  and  Fukuyo  1979)

were identified,  G. carpenteri, a species  of similar
morphology  to  G. belizeanus (G. cf. belizeanus),
and  G. cf.  yasumotoi  (genetically  closely  related
to  strains  identified as Fukuyoa paulensis). Since
then,  G. carpenteri has been  observed  in  the GBR
by  Sparrow  et al. (2017),  and in  Merimbula,  a
temperate  location  in southern  New  South  Wales
(Kohli et al. 2014a;  Larsson et al.  2018;  Munday
et  al. 2017).  Kretzschmar  et al. (2017)  described
a  new species  of Gambierdiscus,  G. lapillus, iso-
lated  from Heron Island in the  southern  GBR  region.
In  addition,  an unidentified  strain  of Gambierdiscus
(Richlen et al. 2008) from Heron  Island  in the GBR,
was  found  to be closely related  to  a partial SSU
sequence  of G. honu (Rhodes et al. 2017).

Larsson et al. (2018) further contributed to
our  understanding  of Gambierdiscus  in  Australia,
providing  insight into Gambierdiscus  toxicology
through  Liquid Chromatography-Tandem  Mass
Spectrometry  (LC-MS/MS)  and the Ca2+ influx
mammalian  SH-SY5Y  cell Fluorescent Imaging
Plate  Reader (FLIPR)  bioassay. Four species (G.
carpenteri,  G. lapillus and two unidentified  strains
reported  as  Gambierdiscus  sp.) were  isolated  from
the  tropical waters  of Heron  Island in  the GBR  and
one  (G.  carpenteri)  from the temperate  waters  of
Merimbula  in southern New South  Wales.  Gam-
bierdiscus  lapillus and the  two unidentified  strains
were  found to produce  compounds with CTX-like
activity  when  tested using a combination  of LC-
MS/MS  and a Ca2+ influx  SH-SY5Y  cell  FLIPR
bioassay.

In  this study, we describe two  new  species
of  Gambierdiscus:  G. holmesii (strain numbers
UTSHI6B1  and HG5)  and G. lewisii  (strain num-
ber  UTSHI6A6)  from Heron  Island,  Australia. These

were identified  as Gambierdiscus  sp,  in a previ-
ous  study (Larsson  et al. 2018). These species
differ  from all currently  described  species of  Gam-
bierdiscus  by means  of a combination  of their
morphological  features, sequences  of four regions
of  rRNA genes, and their toxicity,

Results

Two new  species of Gambierdiscus,  G. holme-
sii  sp. nov. and G. lewisii sp. nov. were isolated
from  macroalgal  samples  collected  in the  shal-
low  lagoon  of Heron  Island in the southern GBR
region  of Queensland,  Australia  (Fig.  1) The G.
holmesii  strain UTSHI6B1  and the G.  lewisii strain
UTSHI6A6  were isolated from a sample of the
brown  macroalga  Chnoospora  sp.,  while the  G.
holmesii  strain HG5 was isolated from a sample of
Padina  sp.

Gambierdiscus holmesii sp. nov

Morphology
Cells were  anterioposteriorly  compressed  and
round  to  oval, lenticular  (Figs  2A, B,  D,  3 A,  B, D);
very  few cells  were  dorsally  pointed  in apical view
(not  shown). Cells were  in the size range of most
other  Gambierdiscus  species, with a mean depth
(ventral  to  dorsal  distance)  of  78.8 �m (range 68.8
–  88.9 �m; SD 5.8 �m) and mean  width (transdiam-
eter)  of 78.9 �m (range 67.1 – 91.4  �m; SD 7.8 �m),
with  a depth to width ratio  of  1.0  (SD  0.06 �m)
(n  =  20)  (Fig.  4A). The  mean  cell length  (apical to
antapical  distance) was 45.2 �m (38.3 – 53.1 �m;
SD  4.4 �m) (n =  20) (Fig.  4B). The  epitheca was
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Figure  1.  Map  indicating  the  location  of  Heron  Island,  Queensland,  Australia,  the  locations  from  which  Gam-
bierdiscus lewisii  and  Gambierdiscus  holmesii  were  isolated.

slightly higher  than the hypotheca (not shown).  The
cell  surface  was smooth  or  foveate  (with  shallow
depressions)  with scattered  pores  of one  size class
(Figs 2A-D,  3 A,  B,  D, 5). Wide intercalary  bands
were  smooth  or foveate (Figs 2A-D, 3 A-C, 5 A,
B).  The  plate  formula (Kofoid tabulation)  was Po,
3′, 0a, 7′′, 6c, 6s?, 5′′′, 0p,  2′′′′ (Figs 2, 3). The
apical  pore  plate  (Po) was  oval  with a  fish-hook
shaped  slit-like  apical pore, shifted  to the  ventral
side  (Fig.  2A-D),  about one third  of the  epitheca
depth  from the sulcus. Po was approximately  6.6-
7.9  ×  3.9-5.0  �m in size (Fig.  2A-F). Twenty-seven
to  33 large  depressions  were  distributed  over the  Po
plate  and  arranged in no constant pattern  (Fig. 2E-
G);  one row of depressions intruded  into the  hook,
associated  with additional depressions  in  the hook
center.  As  seen  by an inside  view, the depressions
contained  a net-like membrane  with pores or a large
pore  (Fig.  2G).  The largest  apical  plate  was the
hatchet-shaped  2′ plate, followed by the  pentagonal
3′ plate and the  hexagonal  1′ plate (Fig.  2A, B,  D).
The  suture  2′/2′′ is about  half the length of the  2′/4′′
suture.  Some shape-variability  of  plate 2′ (Supple-
mentary  Material Fig. S1) was recorded. The shape

varied from normal  hatchet-shaped  with 5  sides
(main  morphology)  to wide hatchet-shaped (Sup-
plementary  Material  Fig.  S1A-G, I, J) and 6-sided
(Supplementary  Material  Fig.  S1H, K). The largest
precingular  plate  was plate  3′′ (four-sided, covering
the  left  lateral precingular  area) and the asymmet-
rical  pentagonal  4′′ plate (dorsal) was nearly of the
same  size (Fig. 2A, B, D). Plate  4′′ had a longer
4′′/2′ suture compared to the shorter  4′′/3′ suture.
Plates  5′′ and 6′′ were  on the  right lateral to ventral
side  (Fig.  2A-C). Plates  1′′ and 7′′ were the small-
est  (Figs  2C, 3 D) located  ventrally.  There was a
small  fold present  on the  1′′ plate (Figs 2C,  3 D).
The  largest postcingular  plate was the pentagonal
4′′′ plate  (covering most  of the  left lateral hypotheca
margin),  followed  by the  plates  2′′′,  3′′′, 5′′′ and 1′′′
(Fig.  3A-C). The  elongated  pentagonal first antapi-
cal  plate (1′′′′) was  small  and  the large,  pentagonal
2′′′′ plate covered  the antapex  (Fig.  3A-C).  Plate
1′′′ did not  contact plate 2′′′′ (Fig.  3A-C).  Plate 5′′′
did  usually not contact  plate 2′′′′ (Fig. 3A-C),  in
one  case  these plates had  a suture  in common
(Supplementary  Material Fig. S2C). The sulcus was
a  deep excavation (Fig.  3C-F), composed of  at
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Figure  2.  Scanning  electron  micrographs  of  Gambierdiscus  holmesii  sp.  nov.  (isolate  UTSHI6B1)  of  the
epitheca. (A,  B)  Apical  view.  (C)  Ventral  part.  (D)  Left  lateral  side.  (E-G)  Apical  pore  complex.  (E,  F)  Out-
side view  of  the  pore  plate  (Po).  (G)  Inside  view  of  Po.  Scale  bars  (A-D)  10  �m,  (E-G)  5  �m.  Arrow  points  to  fold
at anterior  edge  of  the  sulcus.

least  six plates with the posterior sulcal  plate (Sp)
located  outside  the  excavation (Fig.  3C-F). The  nar-
row  and deep  cingulum  was difficult  to observe and

consisted  of 6 plates. Some  of  the (cultured)  cells
had  additional  plates  as a probable  result of  plate
splits  (Supplementary  Material  Fig. S2).
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Figure  3.  Scanning  electron  micrographs  of  Gambierdiscus  holmesii  sp.  nov.  (isolate  UTSHI6B1)  of  the
hypotheca and  sulcus.  (A,  B)  Hypotheca  in  antapical  view.  (C)  Left  lateral  to  ventral  view.  (D)  Ventral  view
of the  sulcal  area.  (E-G)  Sulcal  details.  (G)  Inside  view  from  the  top.  Scale  bars  (A-F)  10  �m,  (G)  5  �m.  Arrow
points to  the  fold  at  the  anterior  edge  of  the  sulcus.

Phylogenies
In order to compare the  sequences of G. holme-
sii  sp.  nov to the most similar Gambierdiscus
species,  SSU rDNA for G.  silvae strain  VGO1180
was  sequenced  and deposited  in GenBank  with the
accession  ID MH790450.

Both strains  of G. holmesii,  HG5 and  UTSHI6B1,
were  found to cluster  together  with full support
in  analyses  of each of the four  gene  regions

(Figs  6, 7, 8). Full  support is defined  as 100%
Bootstrap  support (BS) in the Maximum  Likelihood
analysis  (ML), and  1.00 support in the Bayesian
Inference  (BI) Posterior Probability  support value
(PP).  These  two strains formed the sister clade to
the  species  G.  silvae, with full support in analyses
of  the D1-D3, and with  low support  (<50%/0.65,
ML  BS/BI PP) in analyses of the  D8-D10 LSU
rDNA,  respectively (Figs 6, 7). In analyses of the
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Figure  4.  Cell  size  comparison  of  type  species  from  the  Gambierdiscus  genus,  including  Gambierdiscus  holme-
sii sp.  nov.  and  Gambierdiscus  lewisii  sp.  nov.  showing  (A)  depth  (ventral  to  dorsal  distance)  (�m)  versus  width
(transdiameter) (�m)  and  (B)  length  (apical  to  antapical  distance)  (�m)  versus  width  (�m).  Error  bars  represent
SD.

SSU rDNA, the  strains  formed the sister  group to
the  clade consisting  of  G. ribotype  2, G. honu,
G.  belizeanus, G. scabrosus,  G. balechii,  G. lapil-
lus,  G. cheloniae, G. toxicus and G.  pacificus
albeit  with  mixed  support (64%/1.00  ML  BS/BI PP,

respectively) (Fig.  8). In the analysis  based on  the
ITS  rDNA (Fig.  9), using both  BI and ML,  the two
strains  cluster together  are clearly separated from
other  species of Gambierdiscus,  with full and high
support  in the  BI and ML  analyses,  respectively.
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Figure  5.  Scanning  electron  micrographs  of  Gambierdiscus  holmesii  sp.  nov.  (isolate  UTSHI6B1).  (A-C)  Details
of the  thecal  ornamentation  and  pores.  (A,  B)  Plate  sutures  and  intercalary  band.  Scale  bars  5  �m.
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Figure  6.  Maximum  likelihood  phylogenetic  analyses  of  Gambierdiscus  holmesii  sp.  nov.  and  Gambierdiscus
lewisii sp.  nov.  from  Heron  Island,  Queensland,  Australia,  showing  alignment  of  partial  LSU  rDNA  sequences
from the  D1-D3  region  sequences  using  Bayesian  analyses  and  Maximum  Likelihood.  Values  at  the  nodes  repre-
sent Bayesian  posterior  probability  support  and  ML  Bootstrap  analyses.  The  scale  bar  represents  substitutions
per site.

The  genetic  distances of G. holmesii from sis-
ter  groups  for  all four  gene  regions are  presented
(Table 3).

Toxicology
Analysis of the  G. holmesii  strain  HG5  using Liquid
Chromatography-Tandem  Mass  Spectrometry  (LC-
MS/MS)  did not detect the presence  of MTX-1  or
any  of the CTXs  for which there  are  reference stan-
dards  (P-CTX-3B,  3C, 4A  and 4B). Putative  MTX-3
(44-Methylgambierone)  was detected,  however.

The toxicology of the other  strain  of G.holmesii,
UTSHI6B1  is  described  in Larsson  et al. (2018).

Gambierdiscus lewisii sp. nov

Morphology
Cells were  anterioposteriorly  compressed  and
round  lenticular, sometimes  dorsally pointed
(Figs  10A-C, A, 13, Supplementary  Material Fig.
S3).  Cells were in the size range  of most  other Gam-
bierdiscus  spp., with a mean  dorsoventral depth of
64.0  �m (range of 56.9  – 78.19 �m; SD 5.1  �m)  and
mean  width  of 64.3  �m (range of 57.7  – 69.8 �m;
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Figure  7.  Maximum  likelihood  phylogenetic  analyses  of  Gambierdiscus  holmesii  sp.  nov.  and  Gambierdiscus
lewisii sp.  nov.  from  Heron  Island,  Queensland,  Australia  the  LSU  rDNA  D8-D10  region  sequences  using
Bayesian Analysis  and  Maximum  Likelihood  analysis.  Values  at the  nodes  represent  Bayesian  posterior  prob-
ability support  and  ML  Bootstrap  analyses.  The  scale  bar  represents  substitutions  per  site.

SD 3.8 �m),  with  a depth to width ratio  of 0.99 (SD
0.06  �m) (n = 20)  (Fig.  4A). The  mean  cell length
was  49.0 �m (43.2  – 57.4 �m; SD  4.3 �m) (n = 20)
(Fig.  4B). The  hypotheca was  higher (longer) than
the  epitheca,  or nearly  of equal length  (Figs  11E-
G,  12 A, Supplementary  Material Fig.  S3F). The
cell  surface had a strong  reticulate-foveate  orna-
mentation  (Figs  10–13), apical  and  antapical plates
with  more regularly  arranged deep  depressions
all  containing  a pore, and pre- and  postcingular
plates  more irregularly  reticulated  with scattered
pores  in  nearly all reticulation  areas  (Figs  10A-
D,).  Wide intercalary  bands  were  ornamented  and

had a ribbed appearance  (Figs  10A-C,  A, B). The
plate  formula (Kofoid  tabulation)  was Po,  3′,  0a,
7′′, 6c,? s, 5′′′, 0p, 2′′′′ (Figs  10–12).  The  apical
pore  plate  (Po) is oval with a fish-hook shaped slit-
like  apical pore, located  close  to the center of the
epitheca,  and  slightly shifted  ventrally (Fig.  10A-
C,  E-G). Po was  about  5.4-6.4  × 2.9-4.5 �m in size
(Fig.  10E-G). Twenty-five  to 29 large depressions
were  distributed  over the Po plate and arranged in
no  constant  pattern (Fig.  10E-G), rows of depres-
sions  intruded  into the  hook. The largest  apical
plate  was the  hatchet-shaped  2′ plate,  followed by
the  pentagonal  3′ plate and the hexagonal 1′ plate
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Figure  8.  Maximum  likelihood  phylogenetic  analyses  of  Gambierdiscus  holmesii  sp.  nov.  and  Gambierdiscus
lewisii sp.  nov.  from  Heron  Island,  Queensland,  Australia  the  partial  SSU  rDNA  sequences  using  Bayesian  Anal-
ysis and  Maximum  Likelihood  analysis.  Values  at  the  nodes  represent  Bayesian  posterior  probability  support
and ML  Bootstrap  analyses.  The  scale  bar  represents  substitutions  per  site.

Figure  9.  Aligned  ITS1/5.8S/ITS2  rDNA  sequences  for  A)  G.  holmesii  and  G.  silvae;  and  B)  G.  lewisii  and  G.
pacificus. Nucleotides  which  differ  between  the  new  species  and  the  closest  sister  species  are  shown,  while
regions with  identical  base  pairs  were  excluded  and  denoted  with  a  black  dotted  vertical  line.

(Fig.  10A-C). The  suture  2′/2′′ is about  half the
length  or  more of the 2′/4′′ suture. It is rare, but
the  2′ plate  can be  nearly  rectangular  (Fig. 10C).
The  largest  precingular  plate was  plate  3′′ (four-
sided,  covering  the  left  lateral  precingular  area) and

the asymmetrical  pentagonal  4′′ plate (dorsal)  was
a  bit smaller (Fig.  10A-C). Plate 4′′ had a much
longer  4′′/2′ suture compared  to  the short 4′′/3′
suture.  Plates 5′′ and  6′′ were  on  the right lateral
to  ventral side (Fig.  10A, B, 11  E, G).  Plates 1′′
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Figure  10.  Scanning  electron  micrographs  of  Gambierdiscus  lewisii  sp.  nov.  (isolate  UTSHI6A6)  of  the  epitheca.
(A) Apical  view.  (B)  Apical  ventral  view.  (C)  Left  lateral  view.  (D)  Ventral  part.  (E-G)  Apical  pore  complex.  (E-F)
Outside view  of  the  pore  plate  (Po).  (G)  Inside  view  of  Po.  Scale  bars  (A-D)  10  �m,  (E-G)  5  �m.

and 7′′ were the smallest  (Fig.  10D)  located ven-
trally.  The largest  postcingular  plate was the  4′′′
plate (covering most  of the left hypotheca),  followed
by  the  plates 2′′′ (pentagonal),  3′′′ (four-sided), 5′′′
(four-sided) and 1′′′ (triangular)  (Fig. 11A-D). The
elongated  pentagonal  first antapical  plate (1′′′′) was
small  and the larger,  relatively  narrow pentagonal

2′′′′ plate covered the antapex  (Fig. 11A-D).  Plate
1′′′ did not contact plate 2′′′′ (Fig. 11A-D) and plate
5′′′ did not contact  plate  2′′′′ (Fig.  11). The sulcus
was  a deep  excavation  (Figs.  11E, 12) and only  four
plates  could be detected  but additional  plates were
likely  hidden  in the left sulcal  area and  the deep
sulcal  center.  The  posterior  sulcal  plate (Sp)  was
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Figure  11.  Scanning  electron  micrographs  of  Gambierdiscus  lewisii  sp.  nov.  (isolate  UTSHI6A6).  (A-D)
Hypotheca in  antapical  view.  (E)  Ventral  view  showing  the  sulcal  area.  (F-G)  Right  lateral  views.  Scale  bars
10 �m.

located outside  the excavation  (Figs. 11E-G,  12 D).
The  Sda  plate was  split in a small  (Fig. 12D asterisk)
and  larger  part in one  case. The  narrow  and deep
cingulum  was difficult  to observe and  consisted  of
6  plates.

Phylogenies and Sequence Comparison
The  strain  of G. lewisii UTSHI6B1  clustered as the
sister  clade  to the species G. pacificus,  with high

support (83/1.00,  ML  BS/BI PP), based  on the anal-
yses  of the  D1-D3 regions  of the  LSU  rDNA (Fig.  6).
In  the analyses  of the D8-D10  region of the LSU
rDNA,  (Fig.  7), G. lewisii clustered  within a clade of
sequences  of G. pacificus with  relatively high sup-
port  (92%/1.00  ML BS/BI PP). In the analysis based
on  SSU  rDNA sequences,  G. lewisii clustered as
sister  group  to a clade comprising  G. pacificus,
with  full support (100%/1.00,  ML BS/BI PP) (Fig. 8).
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Figure  12.  Scanning  electron  micrographs  of  Gambierdiscus  lewisii  sp.  nov.  (isolate  UTSHI6A6)  of the  sulcal
area. (A)  Left  lateral  to  ventral  view  view  of  the  cell.  (B)  Left  lateral  view  of  the  sulcal  opening.  (C,  D).  Sulcal
details showing  some  plates.  Scale  bars  10  �m.

For the ITS1/5.8S/ITS2 rDNA regions,  we aligned
these  regions  from G.lewisii with  the closest  sister
species,  G. pacificus and G. scabrosus. We  found  a
similarity  of  93.1%  in aligned  sequences  between
these  two species, which  suggests  that they are
relatively  distinct, certainly  at species level (Fig. 9,
Table 3).

Toxicology
The  toxicology  of G. lewisii strain  UTSHI6A6  is
described  in Larsson et al. (2018).

Discussion

Ciguatera  fish poisoning is a human  illness
associated  with the  consumption of marine fish
and  seafood contaminated with CTXs and MTXs
produced  by species  from the epibenthic  dinoflag-
ellate  genus Gambierdiscus.  Accurately identifying

species in this genus  is an essential step  toward
better  understanding  the  sources  of  CTXs  in the
marine  food web. Here, we describe two new
species  of Gambierdiscus,  G. holmesii sp.  nov. and
G.  lewisii  sp. nov., from the tropical  east coast  of
Australia.

Morphology

Gambierdiscus holmesii sp. nov
Gambierdiscus  holmesii  is distinct  from sister
species  within the same clade based  on  several
distinctive  morphological  characters  (Table 2). The
cell  surface of G. holmesii  was smooth or foveate
with  scattered pores  of one size class  (Figs  2A-D,
3 A-D). Thecal  plates of G. silvae have a foveate
ornamentation  of  different  intensity  on  the apical
and  antapical  (smoother)  plates  compared to  the
pre-  and  postcingular  plates,  with a  pattern  of
more  intense shallow depressions  at the  cingular
margins  (Fraga  and Rodríguez  2014).  Moreover,
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Figure  13.  Scanning  electron  micrographs  of  Gambierdiscus  lewisii  sp.  nov.  (isolate  UTSHI6A6)  showing  the
reticulate-foveate thecal  ornamentation  and  thecal  pores.  (A,  B)  Plate  sutures  and  intercalary  band.  (A)  Apical
and precingular  plates.  (B)  Plate  suture  with  intercalary  band.  (C)  Ornamentation  of  precingular  plate.  Scale
bars (A)  10  �m,  (B,  C)  5  �m.
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Table  2. Comparison  of  Gambierdiscus  species,  according  to  their  morphological  features.  APC  =  apical  pore  complex;  depth  =  ventral  to  dorsal
distance; width  =  transdiameter.

Taxon  Ornamentation  Pores  APC  Epi  fold
above
sulcus

2′ plate  2′′′′ plate  depth  [�m]  width  [�m]

G.  holmesii  smooth  to
foveate

1 size  class  ventrally  Yes  hatchet-shaped
wide

large  68.8-88.9  67.1-91.4

G. silvae  Foveate,
different
intensity

2  size
classes

slightly
ventrally
displaced

No  hatchet-shaped  wide,  large  69  ±  8  64  ±  9

G. polynesiensis  smooth  1  size  class  ventrally
displaced

Yes  hatchet-shaped  wide,  large  68.0-85.0  64.0-75.0

G. carolinianus  smooth  1  size  class  ventrally
displaced

Yes  hatchet-shaped  wide,  large  72.2-87.0  75.7-103.3

G. toxicus  smooth  1  size  class  ventrally
displaced

Yes  hatchet-shaped  wide  94.0-103.0  78.-85.0

G. australes  smooth  1  size  class  ventrally
displaced

?  rectangular  narrow,  long  64.0-93.0  65.0-84.0

G. caribaeus  smooth  1  size  class  ventrally
displaced

yes  rectangular  wide,  large  67.8-97.5  70.2-94.2

G. carpenteri  smooth  1  size  class  ventrally
displaced

?  rectangular  (to
hatchet-
shaped)

wide,  large  66.1-92.2  64.6-84.6

G. jejuensis  smooth  1  size
class?

central  or
ventrally
displaced

Yes hatchet-shaped
rarely
rectangular

wide,  large  63.0-87.9  69.0-93.0
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G.  pacificus  smooth  1  size  class  ventrally
displaced

?  rectangular  (to
hatchet-
shaped)

narrow,
short

52.0-68.0  60.0-67.0

G. lewisii  reticulate-
foveate  2
different  types

1 size  class  central  Yes  hatchet-shaped
rarely
rectangular

narrow,
short

56.9-78.2  57.8-69.8

G. cheloniae  strong  foveate
to reticulate-
foveate

1  size  class  central  Yes  hatchet-shaped  narrow  37.0-80.0  50.0-80.0

G. lapillus  reticulate-
foveate  2
different  types

1 size  class  ventrally
displaced

Yes  hatchet-shaped
rarely
rectangular

narrow  34.4-50.9  32.0-46.9

G. balechii  reticulate-
foveate

1  size  class  central  Yes  hatchet-shaped  narrow,
short

32.0-77.0  36.0-88.0

G. belizeanus  reticulate-
foveate
strong

1  size  class  ventrally
displaced

Yes  hatchet-shaped  narrow,
short

58.0-98.0  53.0-63.0

G. scabrosus? reticulate-
foveate

1  size  class  central  or
ventrally
displaced

? rectangular  narrow  to
medium
wide

62.5-67.4  58.0-61.6

G. excentricus  smooth  1  size  class  strong
ventrally
displaced

?  ∼rectangular  medium
wide

60.0-115.0  53.0-110.0

G. honu  smooth  to
foveate

2 size
classes

central  or
ventrally
displaced

? ∼rectangular  narrow,  long  33.6-73.7  35.0-70.2
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Table  3. A  pairwise  comparison  of  aligned  genetic  distances  of  ITS  rDNA,  D1-D3  rDNA,  D8-D10  rDNA,  and
SSU rDNA  between  G.  holmesii,  G.  lewisii,  and  their  closest  sister  groups.

Distances  ITS  D1-D3  D8-D10  SSU

G.  holmesii-  G.  silvae  81.7  -  82.0%  96.3  -  96.4%  99.2  -  99.6%  92.3%
G. holmesii-  G.  sp.  Type  4  97.4  -  99.7%
G. lewisii  –  G.  pacificus  93.1%  91.9  -  92.4%  99.3  -  99.6%  98.4  -  98.1%
G. lewisii  –  G.  scabrosus  43.9  -  50.4%  92.7  -  95.3%

G. silvae has two pore  size classes,  with larger and
less  numerous  pores  on the apical and  antapical
plates.  The general  plate pattern of the  two species
seems  to be the same,  however the naming  of
particular  plates  differs  in our current work from
that  of Fraga and Rodríguez (2014). The first apical
plate  in G. silvae  (Fraga and Rodríguez  2014)
was  interpreted as first precingular  plate  in our
study.  Therefore,  there  is one less  apical  and one
more  precingular  plate in the present  study. The
apical  pore complex  (APC) is only slightly ventrally
displaced  in G. silvae  (Fraga and Rodríguez  2014)
but  more strongly  shifted to the ventral  side (about
one  third  of the epitheca depth  from the sulcus) in
G.  holmesii  (Table 2; Fig. 2B).  Fraga  and  Rodríguez
(2014)  described  the second apical  plate  as usually
the  largest  epithecal  plate. It is not larger than
plates  3′′ and 4′′ in G. holmesii  and also  not so in
the  specimen shown in Fig.  2A for G. silvae in Fraga
and  Rodríguez  (2014). There  was  said  to be no dis-
tinct  fold at the anterior  edge of the sulcus  formed
by  plates  1′, 1′′, and 2′′ in G.  silvae  (Fraga and
Rodríguez  2014) but the  fold  is present in  G. holme-
sii  (Fig.  3D).  Gambierdiscus  polynesiensis  also has
a  smooth  thecal  surface, a hatchet-shaped  2′ plate,
and  a wide and  large 2′′′′ plate (Chinain et al. 1999).
The  cell sizes of these  two  species overlapped,
and  only minor  morphological  differences could
be  found (Table 3):  the fold  on  the  1′′ plate and
the  slightly narrower 2′′′′ plate. As  differences in
CTX  analog production between these  two species
have  been found, as G. polynesiensis  consistently
produces  detectable quantities  of  CTX-3B, 3C,
4A,  4B (Chinain et al. 2010; Rhodes et  al. 2014),
molecular  genetic  methods may be necessary to
confirm  the distinction  between  these two species.

In  addition  to other  morphological  features,  the
cell  sizes differ  between G. holmesii  and G. silvae,
with  G. holmesii  cells  being  on average significantly
larger  (Fig.  4).  Gambierdiscus  carolinianus  cells are
relatively  large  (72  to  87 �m deep),  also  have  a
smooth  thecal  surface, a hatchet-shaped  2′ plate,
and  a wide  and large  2′′′′ plate (Litaker  et al.  2009).
Gambierdiscus  toxicus  epitype  cells are  very large

(94 to 103 �m deep),  have a  smooth  thecal surface
with  fine  pores, a hatchet-shaped  2′ plate, and  a
wide  pentagonal  2′′′′ plate (Litaker et al. 2009). Cells
of  G. holmesii  are distinctly smaller.  Gambierdis-
cus  australes  also  has a smooth  thecal surface with
scattered  pores, but a rectangular  (to  only  slightly
hatchet-shaped)  2′ plate, and  a long  and narrow
2′′′′ plate (Chinain  et al.  1999). Cells  of G.  australes
were  on  average  larger (64 to  93 �m deep) than G.
holmesii  (Chinain  et al. 1999;  Litaker  et al. 2009)  but
cell sizes are overlapping (Fig.  10). The narrow 2′′′′
plate  distinctly separates  it from G. holmesii. Gam-
bierdiscus  caribaeus  cells are  on average larger (68
to 98 �m deep),  also have a  smooth  thecal surface
and  a wide and large  2′′′′ plate, but a symmetrical
rectangular  2′ plate (Litaker et  al. 2009).  Gam-
bierdiscus  carpenteri cells  are  overlapping in size
with  G. holmesii  but are  larger  (66 to  92 �m deep)
on  average, have  a smooth  thecal surface and  a
relative  wide and  large 2′′′′ plate, but a symmet-
rical  rectangular  2′ plate often with a short thecal
groove  (Litaker  et al. 2009). Gambierdiscus car-
penteri  described  from Australia differed  from the
original  description  (strain from Belize) by a  vari-
able  shape of the 2′ plate (from hatchet-shaped to
rectangular)  and the absence of a thecal groove
and  dorsal  rostrum (Kohli et  al. 2014a), thus  resem-
bling  G. holmesii.  Gambierdiscus  pacificus has a
smooth  thecal surface but a relatively  short and nar-
row  second  antapical  plate (Chinain et al. 1999;
Litaker  et al. 2009) delimiting  it from G. holme-
sii.

Gambierdiscus lewisii sp. nov
Gambierdiscus  lewisii  is distinct from sister species
within  the same  clade  based on several morpholog-
ical  features (Table 2). The  cell surface of G.  lewisii
had  a strong  reticulate-foveate  ornamentation of
two  different specifications:  (1) apical  and antapical
plates  with more regularly  arranged  deep  depres-
sions,  and  (2) pre- and postcingular  plates more
irregularly  reticulated.  Thecal  plates  of  G.  pacificus
have  a smooth  thecal surface with  pores (Chinain
et  al. 1999). Cells of G. pacificus  have a rectangular
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second apical plate (Chinain  et al. 1999)  in contrast
to  G. lewisii  with a hatchet-shaped 2′ plate.  In con-
trast,  Litaker  et al. (2009)  described  an asymmetric
hatchet-shaped  2′ plate  and cells of a  smaller size
(52  to 68  �m deep)  for G. pacificus.  Both  species
have  a relatively  short and  narrow second  antapical
plate  (Chinain  et al. 1999).

Recently, a study  of Gambierdiscus  strains in
Chinese  waters  found several strains  that were
identified  as G. pacificus, but differed  in both mor-
phological  features  and genetic sequences  from
those  found in previous studies (Zhang  et al. 2016).
Morphologically,  these  strains had an  areolated  cell
surface  rather than  a  smooth  one  (Zhang  et al.
2016). Genetically,  in comparisons of D8-D10  LSU
rDNA  sequences, they formed a unique  clade  not
closely  related  to other  strains  of G. pacificus
(Fig.  8),  referred to in Figure  8 as G. pacificus  clade
1.  These  Chinese  strains  may  therefore represent
a  novel species.

Gambierdiscus  cheloniae  has a  strong  foveate
to  reticulate-foveate  ornamentation  and  a narrow
2′′′′ plate  like G. lewisii but showed  a  very vari-
able  tabulation (Smith et al. 2016). Gambierdiscus
lapillus  has the same  type of ornamentation  and
tabulation  with a narrow 2′′′′ plate  like  G. lewisii and
thus  is morphologically  similar,  but is distinguished
based  on size (Kretzschmar  et al. 2017; Fig.  4A).
Gambierdiscus  balechii  has the same  type of orna-
mentation  and tabulation  with a narrow 2′′′′ plate as
G.  lewisii  and spans  the  size range of G. lapillus
and  G. lewisii (Fraga et al. 2016). The  4′′ plate  is
more  symmetrical  in G. balechii  (with  sutures  4′′/2′
and 4′′/3′ of nearly  equal  length)  than  in G. lapil-
lus  and G. lewisii  (Fraga et al. 2016; Kretzschmar
et  al. 2017).  Gambierdiscus  lapillus  was described
having  a symmetrical  4′′ plate  because  often it
looked  nearly  rectangular  but comparing the 4′′/2′
and 4′′/3′ sutures  it was  clearly asymmetric. Gam-
bierdiscus  belizeanus  and G. scabrosus  both have
a  reticulate-foveate  thecal ornamentation  and  a
narrow  2′′′′ plate  (Hoppenrath  et al.  2014;  Litaker
et  al. 2009; Nishimura et al. 2014). A narrow and
medium-wide  2′′′′ plate is also present  in G. aus-
trales,  and G. excentricus,  respectively,  but both
have  a smooth  thecal surface with  scattered pores
(Chinain et  al. 1999;  Fraga  et al.  2011) and G.
excentricus  a characteristically shifted Po plate
close  to  the ventral side. Gambierdiscus  honu  pos-
sesses  a narrow 2′′′′ type plate as well  and has a
smooth  to foveate  thecal ornamentation  (Rhodes
et  al. 2017).

Awareness of the occurrence  of intraspecific
morphological  variability  in Gambierdiscus  species
is  increasing,  and morphological  characters con-

sidered to be  consistently  present  within a species
and  useful for species  delimitation  must  be consid-
ered  with  caution. For example, the shape of the
second  apical plate  (hatchet-shaped  or  rectangu-
lar)  can show a  continuum  of variable  morphologies
within  a species (Fraga et al. 2016;  Kohli et al.
2014a;  Kretzschmar  et al. 2017;  this study). The
same  problem  appears  when judging  the symmetry
of  the fourth (third in some  publications) precin-
gular  plate (e.g.  Fraga et  al. 2016).  Furthermore,
cell  length, width and depth  has been  found to
be  consistently  different for  some species of Gam-
bierdiscus  (e.g.  Kretzschmar  et  al. 2017;  Litaker
et  al. 2009), however other species  appear to show
very  large variability (Bravo et al. 2014; Fraga et al.
2016; Fig.  4). Due to this intraspecific variabil-
ity,  which may  not always be included  in original
descriptions,  for best  practice identification  of  Gam-
bierdiscus  species, the use  of multiple approaches
is  advisable,  including  molecular  genetic data.

Phylogeny and Pairwise Genetic Distance
Comparisons

Gambierdiscus holmesii sp. nov
The  two strains  of the  new species G.  holmesii
were  closely related  with full support, and  clearly
clustered  in their  own unique clade in phylogenetic
analyses  of all three  gene  regions  (Figs. 6, 7, 8).
To  understand  the relationship  of the  new species,
G.  holmesii, to existing species  of Gambierdiscus,
additional  sequencing  was undertaken  of  G.  silvae
strain  VGO1180. For three of the  four gene regions
analysed  (ITS, D1-D3  and  D8-D10  rDNA),  the  sister
group  or most  closely related  species  to G.  holme-
sii  was G. silvae  (Figs. 6, 7, 9). However,  analyses
based  on SSU rDNA  did not  show G. holmesii to
be  closely  related  to G. silvae (Fig. 8), positioning
this  species as the sister group to a  broad clade of
species  of Gambierdiscus.  This  suggests  that this
species  is genetically  distinct and  can be readily
distinguished  using these genetic  markers.

In a pairwise  comparison  of aligned  sequences
of  G. holmesii  and  G. silvae (Table 3),  we found
a  divergence  of 7.7 % in aligned  sequences of
SSU  rDNA, a  divergence  of 3.6 - 3.7  %  in aligned
sequences  of D1-D3  LSU  rDNA, and 0.4 - 0.8 %  in
aligned  sequences  of D8-D10 LSU  rDNA.  Addition-
ally,  we found a  divergence  of 18 - 18.3  %  in aligned
ITS  rDNA  sequences  between  G. holmesii and G.
silvae  (Table 3, Fig. 9).

Gambierdiscus lewisii sp. nov
The  strain  of G. lewisii clearly clustered as  a sis-
ter  species  to the  clade  of G.  pacificus  in analyses
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based on the  D1-D3  region  of LSU  rDNA,  and the
SSU  rDNA  (Figs  6, 8).  In analyses  of the D8-D10
region  of LSU  rDNA,  G. lewisii clustered  within the
clade  of G. pacificus  (Fig. 7).  There was a  0.4  -  0.7
%  difference between  G. pacificus and  G. lewisii  in
aligned  sequences  (782 bp) of the D8-D10  region
of  LSU  rDNA (Table 3). By  way of comparison,  an
alignment  of 832  bp in the  D8-D10  region  of LSU
rDNA  of three distinct  species  Fukuyoa  yasumotoi,
F.  ruetzleri,  and F. paulensis, showed differences
of  0.1 - 2 %.  This  is indicative  of the conserved
nature  of the D8-D10 region of LSU  rDNA, with a
slower  evolutionary  rate than  other  nuclear  genes,
suggesting  that  differences may not be  pronounced
even  following speciation  events.

In a pairwise  comparison  of aligned  sequences  of
G.  lewisii and G. pacificus (Table  3, Fig.  9), we found
a  divergence  of 1.6 - 1.9  %  in aligned  sequences  of
SSU  rDNA, a divergence  of 7.6  -  8.1 % in aligned
sequences  of D1-D3  LSU rDNA, a divergence  of  6.9
%  in aligned sequences  of ITS1-5.8S-ITS2  rDNA.
Given  that  several authors,  for example  Litaker et al.
(2007), have suggested  that divergences  >4%  in
ITS1-5.8S-ITS2  rDNA in dinoflagellates  appear  to
be  a conservative  indicator  of a species level differ-
ence,  this indicates  substantial  divergence  between
the  two species  (Table 3). We found  a divergence
of  49.6 - 56.1%  in aligned  ITS rDNA sequences
between  G.  lewisii  and G. scabrosus, which was
the  next most  closely related  species of dinoflagel-
late  for which ITS data was  available  (Table 3). As
a  comparison,  there  was a difference  of 4.7 - 7.3%
between  G.  lewisii  and  G. scabrosus  in SSU rDNA,
which  suggests  that these  two  species are at least
not  distantly related  within the genus Gambierdis-
cus  (Table 3). Therefore, a difference  of ∼50%
in  ITS rDNA  between these two species is very
large,  and  suggests that  G. lewisii  is a distinctive
species.

Zhang et al. (2016) reported  a novel clade
of  a species  with some  morphological  similarity
to  G. lewisii,  which they identified  as G. pacifi-
cus  (clade  II).  These  sequences  for the D8-D10
region  were  included  in our phylogeny  (Fig.  7)
and  were found to be distinctly  different,  cluster-
ing  as a sister group  to a clade consisting  of 7
different  species  of Gambierdiscus  (Fig. 7, G. paci-
ficus  I). For the  D1-D3  phylogenetic  inference, the
sequence  1S1G7 from Zhang et al. (2016) was
excluded,  as the final 160bp  was  divergent  from
every  other  Gambierdiscus  species  in a highly
conserved  region  of the D1-D3  LSU  gene, sug-
gesting  possible sequencing  inaccuracies.  As  this
strain  appears  distantly related  to G. lewisii in
the  D8-D10  region,  this exclusion  is unlikely  to

have impacted  the final tree topology  of the  D1-D3
phylogeny.

Toxicology

The  toxicology  of G. holmesii  strain UTSHI6B1  and
G.  lewisii strain UTSHI6A6  were  first investigated
in  Larsson et al. (2018)  (in which they were iden-
tified only as Gambierdiscus  sp.). In this study, we
investigated  for the  first time  the  toxicology of the
strain  of G. holmesii, HG5. Multiple  methods were
used  to investigate the toxicology  of  the two new
species  described  in this  study. The first was the
Ca2+ influx mammalian  SH-SY5Y  cell Fluorescent
Imaging  Plate Reader  (FLIPR)  bioassay  (Lewis
et  al. 2016) which  can detect  broad toxin  activity.
The  method  involves an  initial  separation of the
lipophilic  toxins (CTXs) from  the  hydrophilic toxins
(MTXs)  through  a liquid:liquid  partition  technique.
Each  phase is then  further  fractionated into sep-
arate  compounds  by polarity and the toxic effects
of  each  ‘fraction’ is tested  against  the  SH-SY5Y
mammalian  cell  line. The  mode of action  of  each
toxin  is  used  to identify  if a CTX-like  or MTX  toxin
is  present; whereby  MTX-like toxins were identi-
fied  if  calcium  influx was evident in the  early stages
of  the assay and CTX-like  toxins identified if there
was  a second  peak  of activity  following  addition of
an  enhancement  chemical  (veratridine). Using  this
method,  Larsson  et  al.  (2018) showed that  cultures
of  G. holmesii  strain  UTSHI6B1  and  G. lewisii strain
UTSHI6A6  exhibited  toxic effects from compounds
that  had the same mode  of activity as CTXs and
MTXs  (Larsson  et al. 2018).

The toxicity of G. holmesii  and  G.  lewisii was
investigated  using  LC-MS/MS.  This  is a targeted
analytical  approach  that is able  to quantify  specific
CTXs  commonly  associated  with CFP (P-CTX-3B,
3C,  4A and  4B) and/or  specific MTXs,  by compar-
ing  chromatogram  peaks to those  of  known toxin
standards.  Neither  G.  holmesii  nor  G.  lewisii were
found  to produce  MTX-1 or the CTXs  tested  for at
the  level of detection  of the assay: P-CTX-3B,  3C,
4A  and  4B (this study,  and  Larsson et al.,  2018).
Both  species  produced  the putative  toxin MTX-3, a
compound  which  has recently  been described as
44-Methylgambierone  (Murray  et  al. 2019).

Approximately  23 analogs  of CTXs  have been
described  to date  (Yogi et al. 2011,  Ikehara
et  al., 2017), and it is likely that other unknown
analogs  exist. The  CTX  analog  that has  shown
the  most potent toxicity in fish in the  Pacific
region  is P-CTX-1B (Ikehara  et al. 2017; Yogi
et  al. 2011). This  analog  has  never been detected
in  cultures of  Gambierdiscus  spp,  but only  in
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ciguatoxic fish. Other  CTX analogs found in
ciguatoxic  fish in the Pacific region  are  52-epi-54-
deoxyCTX1B,  54-deoxyCTX1B,  2-hydroxyCTX3C,
and  2,3-dihydroxyCTX3.  These  analogs,  along  with
P-CTX-1B,  have been shown to originate from
the  oxidization  by fish  liver  enzymes during  diges-
tion  of the Gambierdiscus-produced  CTX analogs
P-CTX4A,  4B and 3C, (Ikehara  et al. 2017).
These  Gambierdiscus-produced  analogs  of CTXs
(P-CTX4A,  4B,  and 3C)  have been  detected  in cul-
tures  of  G. polynesiensis,  in  SPATT  bags  attached
to  macroalgae  in a CFP  endemic locations, and in
herbivorous  fish  in areas  of endemic CFP  toxicity
(Chinain et al. 2010; Roué et al. 2018;  Yogi  et al.
2011).

The species G. polynesiensis and G. excentricus
have  been  found to produce  compounds  that are
several  orders of magnitude  higher  in CTX-activity
than  those  of other  co-occurring  Gambierdiscus
species  (Chinain et al. 2010; Litaker  et al. 2017;
Rhodes  et al. 2014). In these studies, other  co-
occurring  Gambierdiscus  species  produced  only
low  level  CTX-like activity (Chinain  et al. 2010;
Litaker  et al. 2017; Rhodes  et al.  2014).  Calibration
standards  for CTX analogs are  necessary  to quan-
tify  toxins  using LC-MS/MS.  CTX standards  have
been  purified from  large  scale mass  cultures of G.
polynesiensis  (Chinain et al. 2010;  Yogi  et al. 2011)
or  from  fish specimens  (Yogi et al. 2011,  2014).
Standards  are  not  readily  available for many of the
lesser  known  CTX analogs. Therefore, it remains
unclear  whether  unknown analogs  of CTXs  may be
contributing  to CTX in the  food web in Australia,
including  those that are  produced by G. lewisii or G.
holmesii,  or  whether  high CTX-producing  species
and  strains  remain to be discovered  in this  region.

Taxonomic Treatment

Gambierdiscus  holmesii  Kretzschmar,  Larsson,
Hoppenrath,  Doblin & Murray sp.  nov.

Description:  Cells anterioposteriorly  compressed,
round  to oval,  lenticular. Cell depth  68.75 –
88.87  �m, width 67.05  – 91.36  �m  and  length
38.25  – 53.10 �m. Smooth or  foveate  thecal
ornamentation  with scattered  pores  of one size
class.  Intercalary  bands smooth  or  foveate. Thecal
tabulation:  APC 3′ 0a  7′′ 6c 6s?  5′′′ 0p  2′′′′. APC
shifted  to the ventral  side, about one third of
the  epitheca  depth  from the sulcus.  Po size:
6.6-7.9  × 3.9-5.0  �m. Hatchet-shaped  2′ plate.
2′/2′′ suture  about half the length of 2′/4′′ suture.
Plate  4′′ with longer 4′′/2′ suture  compared  to the
shorter  4′′/3’ suture.  Large, pentagonal  2′′′′ plate.
Plate  1′′′ did  not contact  plate 2′′′′.

Etymology:  The  species was named in honor of
Dr.  Michael  J. Holmes, an Australian researcher
who  established  the  foundation  of  our under-
standing  of the taxonomy and  toxicology of
Gambierdiscus  in Australia.

Holotype: Fig. 2A  (UTSHI6B1);  SEM-stub (desig-
nation  CEDiT2018H88)  deposited  at  Senckenberg
am  Meer, German  Centre  for Marine  Biodiversity
Research,  Centre  of Excellence  for Dinophyte
Taxonomy,  Germany.

Isotype: Lugol-fixed  subsample  of  UTSHI6B1
(designation  CEDiT2018I89)  deposited at the
Senckenberg  am  Meer, German  Centre for  Marine
Biodiversity  Research,  Centre  of Excellence for
Dinophyte  Taxonomy,  Germany.

Type locality:  Heron  Island  (23.4423◦ S,
151.9148◦ E), Great  Barrier Reef,  Australia,
South  Pacific Ocean.

Molecular  diagnosis:  Gambierdiscus  holmesii
can  be genetically  identified  by rDNA sequences
deposited  in GenBank  for strain HG5:  ITS
(MH790454),  SSU (MH790449),  LSU  D1-D3
(MH790459)  and D8-D10  (MH790458) and
strain  UTSHI6B1  rDNA ITS (MH790456), SSU
(MH790451),  LSU D1-D3  (MH790461) and D8-
D10  (MH790460).

Further information:  The  strain UTSHI6B1, from
which  the holotype  is derived, has been deposited
in  the Australian National Algae  Culture  Collection
under  strain designation  CS-1256.

Gambierdiscus  lewisii Larsson,  Kretzschmar,
Hoppenrath,  Doblin & Murray sp. nov.

Description: Cells anterioposteriorly  compressed,
round,  lenticular,  sometimes  dorsally  pointed.  Cells
56.89  – 78.15  �m deep,  57.75 – 69.8 �m wide, and
43.24  – 57.41 �m long. Strong reticulate-foveate
thecal  ornamentation;  apical and  antapical plates
more  regularly  arranged  with  deep depressions,
pre-  and postcingular  plates more irregularly
reticulated.  Intercalary  bands  ornamented with
ribbed  appearance.  Thecal  tabulation:  APC 3′ 0a
7′′ 6c? s 5′′′ 0p 2′′′′. APC close  to the center of
the  epitheca,  slightly shifted  ventrally.  Po size: 5.4-
6.4  × 2.9-4.5 �m. Hatchet-shaped  2′ plate. 2′/2′′
suture about half the length  or  more of  2′/4′′ suture.
Plate  4′′ with much  longer  4′′/2′ suture compared
to  the short 4′′/3′ suture. Narrow,  pentagonal 2′′′′
plate. Plate  1′′′ did  not contact  plate 2′′′′.

Etymology:  The  species was named in honor of
Professor  Richard J. Lewis,  an  Australian investi-
gator  who pioneered  research  on Gambierdiscus
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in Australia  and continues  to contribute  to our
understanding  of the toxins  involved in Ciguatera
Fish  Poisoning.

Holotype: Fig.  9A (UTSHI6A6);  SEM-stub (desig-
nation  CEDiT2018H90)  deposited  at Senckenberg
am  Meer,  German  Centre  for  Marine Biodiversity
Research,  Centre  of Excellence  for Dinophyte
Taxonomy,  Germany.

Isotype: Lugol-fixed  subsample  of strain
UTSHI6B1  (designation CEDiT2018I91)  deposited
at  the Senckenberg am Meer,  German Centre  for
Marine  Biodiversity  Research, Centre  of Excel-
lence  for Dinophyte  Taxonomy, Germany.

Type locality:  Heron  Island (23.4423
◦
S, 151.9148

◦

E), Great  Barrier Reef,  Australia, South  Pacific
Ocean.

Molecular  diagnosis:  Gambierdiscus  lewisii
can  be genetically  identified  by rDNA sequences
deposited  in  GenBank for strain  UTSHI6A6: ITS
(MH790457),  SSU (MH790452),  LSU D1-D3
(MH791069)  and D8-10 (MH790462).

Further  information: The  strain UTSHI6A6,  from
which the holotype is derived,  has been  deposited
in  the  Australian  National  Algae  Culture  Collection
under  strain designation  CS-1259.

Methods

Sampling,  isolation  and  growth:  Strains  UTSHI6B1  and
UTSHI6A6  were  isolated  as  described  in  Larsson  et  al.
(2018).  Briefly,  epiphytic  microalgae  were  removed  from  the
surface  of  the  macroalga  Chnoospora  sp.  collected  from
Heron  Island  lagoon,  Queensland,  Australia  (23.4423◦ S,
151.9148◦ E)  (Fig.  1)  in  July  2014  (austral  autumn).  Single
cells  of  Gambierdiscus  were  isolated  under  a  light  microscope
(Nikon  Eclipse  TS100,  Japan)  using  the  micropipette  tech-
nique (Andersen  and  Kawachi  2005)  and  placed  in  a  multi-well
microplate  with  0.2  �m  filter  sterilised  and  autoclaved  natu-
ral seawater.  Cells  were  incubated  in  a  plant  growth  chamber
(Labec,  Sydney,  NSW,  Australia)  at  20 ◦C  under  ∼100  �mol
photons  m-2 s-1 on  a  12:12  light:dark  cycle.  As  isolated  cells
began  to  divide,  modified  K-medium  (Litaker  et  al.  2009)  was
gradually  added  until  monoclonal  strains  were  established.
Once  isolates  reached  a  concentration  of  approximately  20
cells per  well,  each  was  transferred  to  25  cm2 (50  mL)  ster-
ile vented  polystyrene  tissue  culture  flasks  (Falcon,  Corning,
NY, USA),  oriented  horizontally  and  maintained  under  the  same
conditions.

Strain HG5  was  isolated  as  described  in  Kretzschmar
et al.  (2017).  Briefly,  epiphytic  microalgae  were  removed
from the  surface  of  a  sample  of  the  macroalga  Padina  sp.
collected  from  Heron  Island  Lagoon,  Queensland,  Australia
(23.4423◦ S,  151.9148◦ E)  (Fig.  1)  in  July  2014.  Single  cells  of
Gambierdiscus  were  isolated  using  a  micropipette  under  an
inverted  light  microscope  (Nikon  Eclipse  TS100,  Japan)  using
the micropipette  technique  (Andersen  and  Kawachi  2005),
washed  three  times  in  sterile  seawater,  and  transferred  into  f/10

medium  (Holmes  et  al.  1991)  to  establish  clonal  cultures.  Cul-
tures were  maintained  in  f/10  medium  at  27 ◦C  under  ∼60  �mol
photons m-2 s-1 on  a  12:12  light:dark  cycle.  Cultures  have  been
deposited  in  the  Australian  National  Algae  Culture  Collection
(https://www.csiro.au/en/Research/Collections/ANACC),  and
strain numbers  are  given  in  the  species  descriptions.

Light  microscopy;  Cells  were  initially  identified  using  an
inverted  light  microscope  under  Bright  Field  (Nikon  Eclipse
TS100,  Japan).  Cells  were  photographed  using  an  inverted
microscope  (Nikon  Eclipse  TS100)  fitted  with  a  colour  cam-
era (Infinity  1;  Lumenera,  Ontario,  Canada)  and  cell  size
dimensions  were  measured  using  image  analysis  software
(Infinity  Analyze;  Lumenera,  Ontario,  Canada).  Measurements
of strains  UTSHI6B1  (G.  holmesii)  and  UTSHI6A6  (G.  lewisii)
were  taken  for  20  individual  cells  fixed  with  Lugol’s  Iodine  solu-
tion at  a  final  concentration  of  1%.

DNA  extraction,  PCR  amplification  and  DNA  sequenc-
ing: DNA  for  strains  UTSHI6B1  and  UTSHI6A6  was  extracted
as described  in  Larsson  et  al.  (2018).  Briefly,  approximately
100  mL  of  each  strain  was  centrifuged  at  600x  g  for  10  min
to harvest  the  cells.  DNA  was  extracted  using  a  MoBio  Soil
DNA Extraction  Kit  following  the  manufacturer’s  instructions,
stored  at  −80 ◦C  and  sent  to  a  commercial  service  (Australian
Genomic  Research  Facility  (AGRF),  Queensland,  Australia)  for
further  processing  and  sequencing  of  the  D1-D3  and  D8-D10
LSU rDNA  regions.  Extracts  were  amplified  under  conditions
specified  in  Supp.  Table  1.  Amplification  products  (∼950  bp)
were purified  and  sequenced  in  both  directions  using  the
Sanger sequencing  platform.

For  strain  HG5,  DNA  was  extracted  as  described  in
Kretzschmar  et  al.  (2017)  using  the  cetyl  trimethylammonium
bromide  (CTAB)  method  (Zhou  et  al.  1999),  with  the  purity  of
the extracted  DNA  assessed  via  Nanodrop  (Nanodrop2000;
Thermo  Scientific,  Australia)  and  the  integrity  visualized  on  1%
Agarose  gel.  PCR  amplicons  were  obtained  under  the  condi-
tions  specified  in  Supp.  Table  1  and  purified  with  SureClean
Plus (Bioline)  before  being  directly  sequenced  in  both  direc-
tions using  the  Sanger  sequencing  platform  by  Macrogen  Inc.
(Seoul,  Korea).

In addition,  the  interspacer  (ITS1-5.8S-ITS2)  rDNA  region
was amplified  (Supp.  Table  1)  and  sequenced  for  all  strains.
PCR amplicons  were  purified  with  SureClean  Plus  (Bioline)  and
Sanger  sequenced  by  Macrogen  Inc.  (Seoul,  Korea).

The original  description  of  Gambierdiscus  silvae  did  not
include  phylogenetic  analyses  of  the  rDNA  small  subunit
(SSU) gene.  As  one  of  the  Gambierdiscus  species  described
in this  study  is  closely  related  to  G.  silvae,  we  sought
DNA  from  the  type  material  to  sequence  for  comparison.
Extraction  of  G.  silvae  (VGO1180)  was  conducted  by  Fran-
cisco Rodríguez  Hernández  of  the  Instituto  Español  de
Oceanografía,  Spain,  using  a  CTAB  protocol  adapted  from
Doyle  and  Doyle  (1987).  Briefly,  cell  pellets  were  mixed  with
700 �L  of  CTAB  buffer  solution  premixed  with  3  mL  of  mercap-
toethanol  and  30  mL  of  proteinase  K.  Samples  were  thawed
three times  in  N2  and  incubated  (65 ◦C,  1  h)  with  agitation.
Tubes  were  left  at  room  temperature  during  10  min  and  700  mL
of chlorophorm:isoamyl:alcohol  (24:1)  were  added.  Ethanol
(1.5 vol  of  96%)  and  sodium  acetate  (0.1  vol  of  3  M,  pH  5.2)
were added  and  samples  kept  overnight  at  -20 ◦C.  After  a  cen-
trifugation  step  (13,000  rpm,  15  min,  4 ◦C),  pellets  were  rinsed
with  cold  70%  ethanol,  centrifuged  again  in  the  same  conditions
and the  resultant  cell  pellet  was  dried  in  a  vacuum  concentra-
tor (miVac,  Genevac).  PCR  amplification  was  conducted  (Supp.
Table 1);  amplified  DNA  was  then  purified  with  SureClean  Plus
(Bioline)  and  Sanger  sequenced  through  Macrogen  Inc.  (Seoul,
Korea).

https://www.csiro.au/en/Research/Collections/ANACC
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Phylogenetic  analyses:  Phylogenetic  analyses  were  per-
formed  as  described  in  Kretzschmar  et  al.  (2017)  in  Geneious
v11 (Kearse  et  al.  2012).  Publicly  available  sequences  of
Gambierdiscus  spp.  were  downloaded  from  the  GenBank  ref-
erence database  (www.ncbi.nlm.nih.gov)  and  aligned  with  the
sequences  from  our  study  using  the  MUSCLE  algorithm  with  a
maximum  of  8  iterations  (Edgar  2004).  Alignments  were  trun-
cated to  972  bp  and  793  bp  for  the  D1-D3,  D8-D10  LSU  rDNA
regions  respectively.  The  SSU  region  was  truncated  to  1,527
bp and  a  36  bp  fragment  removed  from  all  species  in  the  align-
ment as  this  region  of  G.  silvae  type  strain  VG01180  could  not
be amplified.  Full  length  alignments  are  available  on  Zenodo
doi:10.5281/zenodo.3377067.  Maximum  likelihood  (ML)  phylo-
genetic trees  were  generated  for  all  regions  with  PHYML  with
1000 bootstraps  (Guindon  and  Gascuel  2003).

Phylogenetic  trees  were  calculated  with  Bayesian  Inference
(BI) and  Maximum  Likelihood  (ML)  using  a  GTR  substitu-
tion model  and  an  estimated  gamma  distribution.  Bayesian
Inference  (BI)  was  also  performed  for  all  regions  to  estimate
Posterior  Probability  (PP)  distribution  using  MrBayes  3.2.6  with
Metropolis-Coupled  Markov  Chain  Monte  Carlo  simulations
(Ronquist  and  Huelsenbeck,  2003).  A  random  starting  tree  with
three heated  and  one  cold  chain(s)  was  used  with  tempera-
ture set  at  0.2.  Trees  were  sampled  every  100th generation  for
2,000,000  generations  generated  and  the  first  10%  discarded
as burn-in.

Scanning  electron  microscopy  (SEM):  For  the  strains
UTSHI6B1  and  UTSHI6A6,  50  mL  of  culture  was  sieved  through
a 50  �m  mesh  to  concentrate  the  cells,  which  were  then  resus-
pended  in  5  mL  of  media,  preserved  with  1%  Lugol’s  Iodine
solution  and  analysed  by  scanning  electron  microscopy  (SEM)
at the  Senckenberg  am  Meer  (Wilhelmshaven,  Germany).  Cells
were placed  on  a  5  �m  Millipore  filter,  rinsed  twice  in  distilled
water,  and  dehydrated  in  a  series  of  increasing  ethanol  concen-
trations (30,  50,  70,  85,  90,  100  %;  10  min  each),  followed  by  air
drying after  addition  of  hexamethyldisilazane  (HMDS)  at  room
temperature.  When  completely  dry,  the  sample  was  mounted
on a  stub  and  sputter  coated  with  gold-palladium  (SCD  050
Bal-Tec).  Cells  were  observed  using  the  SE  and/or  BSE  detec-
tor of  a  Tescan  VEGA3  microscope  (Elekronen-Optik-Service
GmbH,  Dortmund,  Germany)  at  15  kV.

Terminology:  Epithecal  plates  were  labelled  using  the
Kofoidian  system  of  plate  series  (Hoppenrath  et  al.  2014;  Litaker
et al.  2009).  This  is  not  the  same  as  that  proposed  by  Fraga
et al.  (2011)  who  adjusted  the  system  to  consider  possible
plate  homologies.  The  hypothetical  interpretation  is  in  light  of
gonyaulacalean  relationships  (two  asymmetric  antapical  plates
of different  size  and  no  posterior  intercalary  plate)  with  a  pos-
terior  sulcal  plate  outside  the  depressed  longitudinal  furrow
(Fraga  et  al.  2011;  Hoppenrath  et  al.  2014),  as  opposed  to
Litaker  et  al.  (2009).  The  description  of  the  thecal  ornamenta-
tion  follows  the  proposed  standard  terminology  by  Hoppenrath
et al.  (2013)  for  Prorocentrum.

Toxicology:  Gambierdiscus  strain  HG5  was  grown  in  a
volume  2  L  and  on  day  36,  cells  (approx.  several  million)
were harvested  by  centrifugation  at  15,000x  g  for  10  min  and
the resultant  cell  pellet  freeze  dried.  Cell  pellets  were  then
extracted  with  2  mL  methanol  and  screened  for  the  presence  of
MTXs (MTX-1  and  putative  MTX-3  (44-Methylgambierone)  and
CTXs  (P-CTX-3B,  3C,  4A,  4B)  using  a  Liquid  Chromatography-
Tandem  Mass  Spectrometry  (LC-MS/MS)  method  developed
by the  Cawthron  Institute  (Argyle  et  al.  2016;  Kohli  et  al.  2014a,
b; Selwood  et  al.  2014).  The  limit  of  detection  of  the  analysis
was approximately  1  ng  mL-1 for  MTX-1  and  <1  ng  ml-1 for  the
CTX analogues.

Conflict of Interest Statement

The  authors  declare  no  conflict of interest in the
production  of  this  research.

Author Contributions

A.L.K,  M.E.L and S.M. conceived and designed
the  study.  M.E.L isolated  cultures and conducted
LM  measurements,  A.L.K  and  M.E.L maintained
microalgal  cultures  and carried  out  DNA  extraction,
A.L.K  carried  out  PCR and  phylogenetic  analysis;
M.  H. performed  Scanning  Electron  Microscopy
(SEM)  and analysed  morphological  data; A.L.K,
M.D,  S.M,  M.H and M.E.L.  drafted,  edited and
approved  the manuscript.

Acknowledgements

We would like  to acknowledge  Dr. Katherina
Petrou  and  Professor Peter Ralph  for collection of
macroalgal  samples  from Heron  Island,  Queens-
land,  Australia,  from  which  the Gambierdiscus
strains  were isolated.  We thank Dr. Arjun  Verma for
isolating  the  strain Gambierdiscus  HG5 used in this
study.  Thanks  to Francisco Rodríguez  Hernández
and  Santiago  Fraga  for  supplying  G. silvae DNA  for
phylogenetic  comparison. This research was sup-
ported  by the PADI Foundation  (M.E.L), the  Linnean
Society  of NSW (M.E.L and A.L.K),  the  Aus-
tralian  Research  Council (FT120100704)  (S.A.M).
M.E.L  was  supported by an  Australian Government
Training  Program  Scholarship and  a University of
Technology  Sydney  Research Excellence Schol-
arship,  A.L.K. was supported  by a University of
Technology  Sydney  Doctoral  scholarship, a Uni-
versity  of Technology  Sydney  Equity  grant and a
research  grant  of S.A.M, (Climate  Change Clus-
ter  top up scholarship).  S.A.M was an Australian
Research  Council  (ARC) Future  Fellow, and M.H.
was  supported by the Senckenberg  Institute.

Appendix A. Supplementary Data

Supplementary  material related  to this  arti-
cle  can be found, in the online version, at
doi:https://doi.org/10.1016/j.protis.2019.125699.

References

Adachi  R,  Fukuyo  Y  (1979)  The  thecal  structure  of  a  marine
toxic dinoflagellate  Gambierdiscus  toxicus  gen.  et  sp.  nov.  col-

http://www.ncbi.nlm.nih.gov
https://doi.org/10.1016/j.protis.2019.125699
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005


24  A.L.  Kretzschmar  et  al.

lected  in  a  ciguatera-endemic  area.  Bull  Jpn  Soc  Sci  Fish
45:67–71

Andersen  RA,  Kawachi  (2005)  Traditional  Microalgae  Isolation
Techniques.  In  Andersen  RA  (ed)  Algal  Culturing  Techniques.
Elsevier,  Amsterdam,  pp  83–100

Argyle  P,  Harwood  D,  Rhodes  L,  Champeau  O,  Trem-
blay L  (2016)  Toxicity  assessment  of  New  Zealand  and
Pacific  dinoflagellates  Ostreopsis  and  Gambierdiscus  (Dino-
phyceae)  extracts  using  bioassays.  New  Zeal  J  Mar  Freshw
Res 50:444–456

Benoit  E,  Legrand  A,  Dubois  J  (1986)  Effects  of  ciguatoxin
on current  and  voltage  clamped  frog  myelinated  nerve  fibre.
Toxicon  24:357–364

Bravo  I,  Figueroa  RI,  Fraga  S  (2014)  Cellular  and  nuclear
morphological  variability  within  a  single  species  of  the  toxigenic
dinoflagellate  genus  Gambierdiscus:  Relationship  to  life-cycle
processes.  Harmful  Algae  40:1–8

Chinain  M,  Faust  MA,  Pauillac  S  (1999)  Morphology  and
molecular  analyses  of  three  toxic  species  of  Gambierdiscus
(Dinophyceae):  G.  pacificus,  sp.  nov.,  G.  australes,  sp.  nov.,
and G.  polynesiensis,  sp.  nov.  J  Phycol  35:1282–1296

Chinain  M,  Darius  HT,  Ung  A,  Cruchet  P,  Wang  Z,  Ponton  D,
Laurent  D,  Pauillac  S  (2010)  Growth  and  toxin  production  in  the
ciguatera-causing  dinoflagellate  Gambierdiscus  polynesiensis
(Dinophyceae)  in  culture.  Toxicon  56:739–750

Clark  L,  Whitwell  G  (1968)  Ciguatera  poisoning  in  cats  in  Bris-
bane. Aust  Vet  J  44:81

Dai  X,  Mak  YL,  Lu  C-K,  Mei  H-H,  Wu  JJ,  Lee  WH,  Chan  LL,
Lim PT,  Mustapa  NI,  Lim  HC  (2017)  Taxonomic  assignment  of
the benthic  toxigenic  dinoflagellate  Gambierdiscus  sp.  type  6  as
Gambierdiscus  balechii  (Dinophyceae),  including  its  distribution
and ciguatoxicity.  Harmful  Algae  67:107–118

Dickey  RW,  Plakas  SM  (2010)  Ciguatera:  a  public  health  per-
spective.  Toxicon  56:123–136

Doyle  J,  Doyle  J  (1987)  A  rapid  DNA  isolation  procedure  for
small quantities  of  fresh  leaf  tissue.  Phytochem  Bull  19:11–15

Edgar  RC  (2004)  MUSCLE:  multiple  sequence  alignment
with high  accuracy  and  high  throughput.  Nucleic  Acids  Res
32:1792–1797

Farrell  H,  Murray  SA,  Zammit  A,  Edwards  AE  (2017)  Man-
agement  of  ciguatera  risk  in  eastern  Australia.  Toxins  9:367

Farrell  H,  Zammit  A,  Harwood  DT,  Murray  SA  (2016b)  Is
ciguatera  moving  south  in  Australia?  Harmful  Algal  News
54:5–6

Farrell  H,  Zammit  A,  Harwood  DT,  McNabb  P,  Shadbolt  C,
Manning  J,  Turahui  JA,  van  den  Berg  DJ,  Szabo  L  (2016a)
Clinical  diagnosis  and  chemical  confirmation  of  ciguatera  fish
poisoning  in  New  South  Wales,  Australia.  Commun  Dis  Intell
40:E1–E6

Faust  MA  (1995)  Observation  of  sand-dwelling  toxic  dinoflag-
ellates (Dinophyceae)  from  widely  differing  sites,  including  two
new species.  J  Phycol  31:996–1003

Fraga  S,  Rodríguez  F  (2014)  Genus  Gambierdiscus  in  the
Canary  Islands  (NE  Atlantic  Ocean)  with  description  of  Gam-
bierdiscus  silvae  sp.  nov.,  a  new  potentially  toxic  epiphytic
benthic dinoflagellate.  Protist  165:839–853

Fraga  S,  Rodríguez  F,  Riobó  P,  Bravo  I  (2016)  Gambierdiscus
balechii  sp.  nov  (Dinophyceae),  a  new  benthic  toxic  dinoflagel-
late from  the  Celebes  Sea  (SW  Pacific  Ocean).  Harmful  Algae
58:93–105

Fraga  S,  Rodríguez  F,  Caillaud  A,  Diogène  J,  Raho  N,  Zapata
M (2011)  Gambierdiscus  excentricus  sp.  nov.(Dinophyceae),  a
benthic  toxic  dinoflagellate  from  the  Canary  Islands  (NE  Atlantic
Ocean).  Harmful  Algae  11:10–22

Friedman  MA,  Fernandez  M,  Backer  LC,  Dickey  RW, Bern-
stein J,  Schrank  K,  Kibler  S,  Stephan  W,  Gribble  MO,
Bienfang  P  (2017)  An  updated  review  of  ciguatera  fish  poison-
ing:  clinical,  epidemiological,  environmental,  and  public  health
management.  Mar  Drugs  15:72

Gillespie  N,  Holmes  M,  Burke  J,  Doley  J  (1985a)  Distribu-
tion and  Periodicity  of  Gambierdiscus  toxicus  in  Queensland,
Australia.  In  Anderson  DM,  White  AW,  Baden  DG  (eds)  Toxic
Dinoflagellates.  Elsevier  Scientific  Publishing  Co.,  New  York,  pp
183–188

Gillespie  N,  Lewis  R,  Pearn  J,  Bourke  A,  Holmes  M,  Bourke
J, Shields  W  (1985b)  Ciguatera  in  Australia.  Occurrence,  clini-
cal features,  pathophysiology  and  management.  Medic  J  Austr
145:584–590

Gómez  F,  Qiu  D,  Lopes  RM,  Lin  S  (2015)  Fukuyoa  paulen-
sis gen.  et  sp.  nov.,  a  new  genus  for  the  globular  species  of
the dinoflagellate  Gambierdiscus  (Dinophyceae).  PLoS  ONE
10:e0119676

Guindon  S,  Gascuel  O  (2003)  A  simple,  fast,  and  accurate
algorithm  to  estimate  large  phylogenies  by  maximum  likelihood.
Syst  Biol  52:696–704

Gusovsky  F,  Daly  JW  (1990)  Maitotoxin:  a  unique  pharma-
cological  tool  for  research  on  calcium-dependent  mechanisms.
Biochem  Pharmacol  39:1633–1639

Hamilton  B,  Whittle  N,  Shaw  G,  Eaglesham  G,  Moore  MR,
Lewis  RJ  (2010)  Human  fatality  associated  with  Pacific  cigua-
toxin contaminated  fish.  Toxicon  56:668–673

Holmes  MJ  (1998)  Gambierdiscus  yasumotoi  sp.  nov.  (Dino-
phyceae),  a  toxic  benthic  dinoflagellate  from  southeastern  Asia.
J Phycol  34:661–668

Holmes  MJ,  Lewis  RJ  (1994)  Purification  and  characterisa-
tion of  large  and  small  maitotoxins  from  cultured  Gambierdiscus
toxicus. Natural  Toxins  2:64–72

Holmes  MJ,  Lewis  RJ,  Gillespie  NC  (1990)  Toxicity  of  Aus-
tralian  and  French  Polynesian  strains  of  Gambierdiscus  toxicus
(Dinophyceae)  grown  in  culture:  characterization  of  a  new  type
of maitotoxin.  Toxicon  28:1159–1172

Holmes  MJ,  Lewis  RJ,  Poli  MA,  Gillespie  NC  (1991)  Strain
dependent  production  of  ciguatoxin  precursors  (gambiertoxins)
by Gambierdiscus  toxicus  (Dinophyceae)  in  culture.  Toxicon
29:761–775

Hoppenrath  M,  Chomérat  N,  Horiguchi  T,  Schweikert  M,
Nagahama  Y,  Murray  SA  (2013)  Taxonomy  and  phylogeny  of
the benthic  Prorocentrum  species  (Dinophyceae)—A  proposal
and review.  Harmful  Algae  27:1–28

Hoppenrath  M,  Murray  SA,  Chomérat  N,  Horiguchi  T  (2014)
Marine  Benthic  Dinoflagellates  -  Unveiling  their  Worldwide  Bio-
diversity.  Kleine  Senckenberg  Reihe  54,  Frankfurt,  Germany,
276 p

http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0005
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0010
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0015
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0020
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0020
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0020
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0020
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0020
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0020
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0020
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0025
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0025
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0025
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0025
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0025
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0025
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0025
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0030
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0035
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0035
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0035
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0035
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0035
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0035
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0035
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0040
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0040
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0040
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0040
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0040
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0040
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0040
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0045
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0050
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0050
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0050
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0050
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0050
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0050
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0050
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0055
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0055
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0055
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0055
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0055
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0055
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0055
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0060
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0060
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0060
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0060
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0060
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0060
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0060
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0065
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0065
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0065
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0065
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0065
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0075
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0075
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0075
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0075
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0075
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0075
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0075
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0075
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0080
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0080
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0080
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0080
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0080
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0080
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0080
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0085
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0090
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0095
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0100
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0100
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0100
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0100
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0100
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0105
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0110
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0115
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0120
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0120
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0120
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0120
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0120
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0120
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0125
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0125
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0125
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0125
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0125
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0125
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0125
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0130
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0130
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0130
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0130
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0130
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0130
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0130
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0135
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0140
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0145
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0145
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0145
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0145
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0145
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0145
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0145
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0150
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0150
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0150
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0150
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0150
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0150
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0150
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0155
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0155
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0155
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0155
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0155
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0155
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0155


Description  of  Two  New  Gambierdiscus  Species  25

Ikehara  T,  Kuniyoshi  K,  Oshiro  N,  Yasumoto  T  (2017)  Bioox-
idation  of  ciguatoxins  leads  to  specific  toxin  profiles.  Toxins
9:205

Jang  SH,  Jeong  HJ,  Du  Yoo  Y  (2018)  Gambierdiscus  jejuen-
sis sp.  nov.,  an  epiphytic  dinoflagellate  from  the  waters  of  Jeju
Island,  Korea,  effect  of  temperature  on  the  growth,  and  its  global
distribution.  Harmful  Algae  80:149–157

Kearse  M,  Moir  R,  Wilson  A,  Stones-Havas  S,  Cheung  M,
Sturrock  S,  Buxton  S,  Cooper  A,  Markowitz  S,  Duran  C
(2012)  Geneious  Basic:  an  integrated  and  extendable  desktop
software  platform  for  the  organization  and  analysis  of  sequence
data. Bioinformatics  28:1647–1649

Kohli  GS,  Haslauer  K,  Sarowar  C,  Kretzschmar  AL,  Boulter
M, Harwood  DT,  Laczka  O,  Murray  SA  (2017)  Qualitative  and
quantitative  assessment  of  the  presence  of  ciguatoxin,  P-CTX-
1B, in  Spanish  mackerel  (Scomberomorus  commerson)  from
waters  in  New  South  Wales  (Australia).  Toxicol  Rep  4:328–334

Kohli  GS,  Papiol  GG,  Rhodes  LL,  Harwood  DT,  Selwood  A,
Jerrett  A,  Murray  SA,  Neilan  BA  (2014b)  A  feeding  study  to
probe the  uptake  of  Maitotoxin  by  snapper  (Pagrus  auratus).
Harmful  Algae  37:125–132

Kohli  GS,  Murray  SA,  Neilan  BA,  Rhodes  LL,  Harwood
DT, Smith  KF,  Meyer  L,  Capper  A,  Brett  S,  Hallegraeff  GM
(2014a)  High  abundance  of  the  potentially  maitotoxic  dinoflag-
ellate Gambierdiscus  carpenteri  in  temperate  waters  of  New
South  Wales,  Australia.  Harmful  Algae  39:134–145

Kretzschmar  AL,  Verma  A,  Harwood  T,  Hoppenrath  M,
Murray  SA  (2017)  Characterization  of  Gambierdiscus  lapillus
sp. nov.(Gonyaulacales,  Dinophyceae):  A  new  toxic  dinoflag-
ellate from  the  Great  Barrier  Reef  (Australia).  J  Phycol
53:283–297

Larsson  ME,  Laczka  OF,  Harwood  DT,  Lewis  RJ,  Himaya
S, Murray  SA,  Doblin  MA  (2018)  Toxicology  of  Gambierdis-
cus spp.  (Dinophyceae)  from  Tropical  and  Temperate  Australian
Waters.  Mar  Drugs  16:7

Legrand  A,  Litaudon  M,  Genthon  J,  Bagnis  R,  Yasumoto
T (1989)  Isolation  and  some  properties  of  ciguatoxin.  J  Appl
Phycol 1:183–188

Lehane  L,  Lewis  RJ  (2000)  Ciguatera:  recent  advances  but
the risk  remains.  Int  J  Food  Microbiol  61:91–125

Lewis  RJ  (2006)  Ciguatera:  Australian  perspectives  on  a  global
problem.  Toxicon  48:799–809

Lewis  RJ,  Inserra  M,  Vetter  I,  Holland  WC,  Hardison  DR,
Tester  PA,  Litaker  RW  (2016)  Rapid  extraction  and  identifica-
tion of  maitotoxin  and  ciguatoxin-like  toxins  from  Caribbean  and
Pacific  Gambierdiscus  using  a  new  functional  bioassay.  PLoS
ONE 11:e0160006

Litaker  RW,  Holland  WC,  Hardison  DR,  Pisapia  F,  Hess  P,
Kibler SR,  Tester  PA  (2017)  Ciguatoxicity  of  Gambierdiscus
and Fukuyoa  species  from  the  Caribbean  and  Gulf  of  Mexico.
PLoS  ONE  12:e0185776

Litaker  RW,  Vandersea  MW,  Faust  MA,  Kibler  SR,  Chinain
M, Holmes  MJ,  Holland  WC,  Tester  PA  (2009)  Taxonomy
of Gambierdiscus  including  four  new  species,  Gambierdis-
cus caribaeus,  Gambierdiscus  carolinianus,  Gambierdiscus
carpenteri  and  Gambierdiscus  ruetzleri  (Gonyaulacales,  Dino-
phyceae).  Phycologia  48:344–390

Litaker  RW,  Vandersea  MW,  Kibler  SR,  Reece  KS,  Stokes
NA, Lutzoni  FM,  Yonish  BA,  West  MA,  Black  MN,  Tester
PA (2007)  Recognizing  dinoflagellate  species  using  its  rDNA
sequences.  J  Phycol  43:344–355

Lombet  A,  Bidard  J-N,  Lazdunski  M  (1987)  Ciguatoxin  and
brevetoxins  share  a  common  receptor  site  on  the  neuronal
voltage-dependent  Na+  channel.  FEBS  Lett  219:355–359

Munday  R,  Murray  S,  Rhodes  LL,  Larsson  ME,  Harwood  DT
(2017)  Ciguatoxins  and  Maitotoxins  in  Extracts  of  Sixteen  Gam-
bierdiscus  Isolates  and  One  Fukuyoa  Isolate  from  the  South
Pacific  and  Their  Toxicity  to  Mice  by  Intraperitoneal  and  Oral
Administration.  Mar  Drugs  15:208

Murata  M,  Gusovsky  F,  Yasumoto  T,  Daly  JW  (1992)  Selec-
tive stimulation  of  Ca2+  flux  in  cells  by  maitotoxin.  Eur  J
Pharmacol:  Mol  Pharmacol  227:43–49

Murray  SA,  Momigliano  P,  Heimann  K,  Blair  D  (2014)
Molecular  phylogenetics  and  morphology  of  Gambierdiscus
yasumotoi  from  tropical  eastern  Australia.  Harmful  Algae
39:242–252

Murray  JS,  Selwood  A,  Harwood  DT,  van  Ginkel  R,
Puddick  J,  Rhodes  LL,  Rise  F,  Wilkins  AL  (2019)  44-
Methylgambierone,  a  new  gambierone  analogue  isolated  from
Gambierdiscus  australes.  Tetrahedron  Lett  60:621–625

Nishimura  T,  Sato  S,  Tawong  W,  Sakanari  H,  Uehara  K,
Shah  MMR,  Suda  S,  Yasumoto  T,  Taira  Y,  Yamaguchi  H
(2013)  Genetic  diversity  and  distribution  of  the  ciguatera-
causing  dinoflagellate  Gambierdiscus  spp.  (Dinophyceae)  in
coastal  areas  of  Japan.  PLoS  ONE  8:e60882

Nishimura  T,  Sato  S,  Tawong  W,  Sakanari  H,  Yamaguchi  H,
Adachi M  (2014)  Morphology  of  Gambierdiscus  scabrosus  sp.
nov.(Gonyaulacales):  a  new  epiphytic  toxic  dinoflagellate  from
coastal  areas  of  Japan.  J  Phycol  50:506–514

Pisapia  F,  Sibat  M,  Herrenknecht  C,  Lhaute  K,  Gaiani  G,
Ferron  P-J,  Fessard  V,  Fraga  S,  Nascimento  SM,  Litaker
RW (2017)  Maitotoxin-4,  a  Novel  MTX  Analog  Produced  by
Gambierdiscus  excentricus.  Mar  Drugs  15:220

Rhodes  L,  Harwood  T,  Smith  K,  Argyle  P,  Munday  R
(2014) Production  of  ciguatoxin  and  maitotoxin  by  strains  of
Gambierdiscus  australes,  G.  pacificus  and  G.  polynesiensis
(Dinophyceae)  isolated  from  Rarotonga,  Cook  Islands.  Harmful
Algae 39:185–190

Rhodes  L,  Smith  KF,  Verma  A,  Curley  BG,  Harwood  DT,
Murray  S,  Kohli  GS,  Solomona  D,  Rongo  T,  Munday  R
(2017)  A  new  species  of  Gambierdiscus  (Dinophyceae)  from
the south-west  Pacific:  Gambierdiscus  honu  sp.  nov.  Harmful
Algae 65:61–70

Richlen  ML,  Morton  SL,  Barber  PH,  Lobel  PS  (2008)  Phylo-
geography,  morphological  variation  and  taxonomy  of  the  toxic
dinoflagellate  Gambierdiscus  toxicus  (Dinophyceae).  Harmful
Algae  7:614–629

Ronquist  F,  Huelsenbeck  JP  (2003)  MrBayes  3:  Bayesian
phylogenetic  inference  under  mixed  models.  Bioinformatics
19:1572–1574

Roué  M,  Darius  HT,  Viallon  J,  Ung  A,  Gatti  C,  Harwood  DT,
Chinain  M  (2018)  Application  of  solid  phase  adsorption  toxin
tracking  (SPATT)  devices  for  the  field  detection  of  Gambierdis-
cus toxins.  Harmful  Algae  71:40–49

http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0165
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0165
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0165
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0165
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0165
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0170
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0175
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0175
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0175
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0175
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0175
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0175
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0175
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0180
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0180
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0180
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0180
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0180
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0180
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0180
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0180
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0185
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0185
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0185
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0185
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0185
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0185
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0185
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0190
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0190
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0190
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0190
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0190
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0190
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0190
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0195
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0200
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0205
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0205
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0205
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0205
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0205
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0205
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0205
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0205
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0210
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0215
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0215
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0215
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0215
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0215
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0215
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0215
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0220
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0220
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0220
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0220
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0225
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0225
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0225
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0225
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0230
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0230
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0230
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0230
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0230
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0230
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0235
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0235
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0235
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0235
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0235
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0235
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0235
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0240
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0240
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0240
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0240
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0240
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0240
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0245
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0245
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0245
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0245
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0245
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0250
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0255
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0255
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0255
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0255
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0255
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0255
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0255
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0260
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0260
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0260
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0260
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0260
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0260
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0260
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0260
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0265
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0270
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0275
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0275
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0275
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0275
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0275
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0280
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0285
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0290
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0290
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0290
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0290
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0290
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0290
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0290
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0295
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0295
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0295
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0295
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0295
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0295
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0295
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0300
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0300
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0300
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0300
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0300
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0300
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0300


26  A.L.  Kretzschmar  et  al.

Selwood  A,  Rhodes  L,  Smith  K,  Harwood  DT  (2014)  Devel-
opment  of  Two  Novel  UPLC-MS/MS  Methods  for  the  Analysis
of Maitotoxin  from  Micro-algal  Cultures.  In  MacKenzie,  L  (ed)
Marine  And  Fresh-Water  Harmful  Algae,  Proc  16th  Int  Conf
Harmful Algae,  pp  66-69

Sims  JK  (1987)  A  theoretical  discourse  on  the  pharmacology
of toxic  marine  ingestions.  Ann  Emergency  Med  16:1006–1015

Smith  KF,  Rhodes  L,  Verma  A,  Curley  BG,  Harwood  DT,
Kohli  GS,  Solomona  D,  Rongo  T,  Munday  R,  Murray  SA
(2016)  A  new  Gambierdiscus  species  (Dinophyceae)  from
Rarotonga,  Cook  Islands:  Gambierdiscus  cheloniae  sp.  nov.
Harmful  Algae  60:45–56

Sparrow  L,  Momigliano  P,  Russ  GR,  Heimann  K  (2017)
Effects  of  temperature,  salinity  and  composition  of  the  dinoflag-
ellate assemblage  on  the  growth  of  Gambierdiscus  carpenteri
isolated  from  the  Great  Barrier  Reef.  Harmful  Algae  65:52–60

Tonge  J,  Battey  Y,  Forbes  J,  Grant  E  (1967)  Ciguatera  poi-
soning:  a  report  of  two  out-breaks  and  a  probable  fatal  case  in
Queensland.  Med  J  Aust  2:1088–1090

Xu  Y,  Richlen  ML,  Morton  SL,  Mak  YL,  Chan  LL,  Tekiau  A,
Anderson  DM  (2014)  Distribution,  abundance  and  diversity  of

Gambierdiscus  spp.  from  a  ciguatera-endemic  area  in  Marakei,
Republic  of  Kiribati.  Harmful  Algae  34:56–68

Yasumoto  T,  Nakajima  I,  Bagnis  R,  Adachi  R  (1977)  Finding
of a  dinoflagellate  as  a  likely  culprit  of  ciguatera.  Bull  Jpn  Soc
Sci Fish  43:1021–1026

Yogi  K,  Oshiro  N,  Inafuku  Y,  Hirama  M,  Yasumoto  T  (2011)
Detailed  LC-MS/MS  analysis  of  ciguatoxins  revealing  distinct
regional  and  species  characteristics  in  fish  and  causative  alga
from the  Pacific.  Anal  Chem  83:8886–8891

Yogi  K,  Sakugawa  S,  Oshiro  N,  Ikehara  T,  Sugiyama  K,
Yasumoto  T  (2014)  Determination  of  toxins  involved  in  ciguat-
era fish  poisoning  in  the  Pacific  by  LC/MS.  J  AOAC  Int
97:398–402

Zhang  H,  Wu  Z,  Cen  J,  Li  Y,  Wang  H,  Lu  S  (2016)  First  report
of three  benthic  dinoflagellates,  Gambierdiscus  pacificus,  G.
australes  and  G.  caribaeus  (Dinophyceae),  from  Hainan  Island,
South China  Sea.  Phycol  Res  64:259–273

Zhou  Z,  Miwa  M,  Hogetsu  T  (1999)  Analysis  of  genetic  struc-
ture of  a  Suillus  grevillei  population  in  a  Larix  kaempferi  stand
by polymorphism  of  inter-simple  sequence  repeat  (ISSR).  New
Phytol 144:55–63

Available  online  at  www.sciencedirect.com

ScienceDirect

http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0310
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0310
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0310
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0310
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0310
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0310
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0310
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0315
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0320
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0320
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0320
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0320
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0320
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0320
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0320
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0325
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0325
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0325
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0325
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0325
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0325
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0325
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0325
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0330
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0335
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0340
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0340
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0340
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0340
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0340
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0340
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0345
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0350
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0355
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0355
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0355
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0355
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0355
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0355
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0355
http://refhub.elsevier.com/S1434-4610(18)30126-3/sbref0355
http://www.sciencedirect.com/science/journal/14344610

	Characterisation of Two Toxic Gambierdiscus spp. (Gonyaulacales, Dinophyceae) from the Great Barrier Reef (Australia): G. ...
	Introduction
	Results
	Gambierdiscus holmesii sp. nov
	Morphology
	Phylogenies
	Toxicology

	Gambierdiscus lewisii sp. nov
	Morphology
	Phylogenies and Sequence Comparison
	Toxicology


	Discussion
	Morphology
	Gambierdiscus holmesii sp. nov
	Gambierdiscus lewisii sp. nov

	Phylogeny and Pairwise Genetic Distance Comparisons
	Gambierdiscus holmesii sp. nov
	Gambierdiscus lewisii sp. nov

	Toxicology
	Taxonomic Treatment
	Methods


	Conflict of Interest Statement
	Author Contributions
	Acknowledgements
	Appendix A Supplementary Data
	References


