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ecology and distribution would enable improved monitor-
ing and management of toxin-related hazards, and would
allow the development of a baseline in order to determine
the effect of future changes to ocean temperature, reef
condition and currents.

Most of the studies that describe benthic dinoflagellate
diversity have investigated it using microscopic observa-
tion of live or fixed field samples, or have characterized
single cells and cultures using molecular genetic tech-
niques, and more recently a combination of genetics and
microscopy has been used (Taylor, 1979; Fukuyo, 1981;
Carlson and Trindall, 1985; Ballantine et al., 1988; Faust
and Balech, 1993; Morton and Faust, 1997; Pearse et al.,
2001; Okolodkov et al., 2007; Rhodes et al., 2010). While
these methods are accurate, they do not generally provide
information about the total dinoflagellate diversity in a
particular area. For example, one of the most comprehen-
sive taxonomic studies of epibenthic dinoflagellates to
date revealed 12 genera and 39 species, including uniden-
tified taxa (Turquet et al., 1998); however, there are indi-
cations that many cryptic species of dinoflagellates are
present in field samples (Stern et al., 2010). Also, micro-
scopic observations are time-consuming and require taxo-
nomic expertise.

In the last decade, numerous attempts have been made
to describe the diversity of microbial eukaryotes directly
from environmental samples based on sequencing of ribo-
somal RNA(rRNA) genes via cloning (Moon-van der Staay
et al., 2001; López-García et al., 2003), metagenomics
(Cuvelier et al., 2010) and pyrosequencing (Brown et al.,
2009; Edgcomb et al., 2011; Steven et al., 2012). However,
these general approaches are unlikely to retrieve the full
range of benthic dinoflagellate species diversity due to (i)
the use of primers, which amplify all eukaryotes in environ-
mental samples and are biased towards certain taxonomic
groups (Potvin and Lovejoy, 2009) or highly abundant
organisms, and can ‘drown out’ the signal of low-
abundance organisms, such as dinoflagellates, if they
constitute a very small proportion of the community; and (ii)
the use of generic statistical analysis methods that have
been primarily developed for estimating prokaryotic diver-
sity and do not take into account the huge range of rRNA
operons in dinoflagellate genomes.

These deficiencies highlight the need to develop
molecular tools for the specific purpose of describing dino-
flagellate diversity, such as polymerase chain reaction



Diversity of dinoflagellates via the Cob tag-encoded FLX
454-pyrosequencing (cTEFP)

Four samples from Broome, two from CKI and one from
Exmouth were analysed via cTEFP. A total of 30 809
high-quality sequences were recovered, of which 9748
were greater than or equal to 380 bp in length. More
than 98.46% of the 9748 sequences were identified as
dinoflagellate cob sequences, with closest match to
those of known dinoflagellates in the GenBank (nr/nt)
database. This demonstrated that the primer pair
dinocob4F and dinocob6R (Lin et al., 2009) is highly
dinoflagellate-specific, and that they can be used to
amplify dinoflagellate sequences directly from environ-
mental samples.

The composition of the dinoflagellate populations
varied greatly within each sample. Sequences belonging
to the order Peridiniales were the most abundant in the
whole dataset, with a total of 3245 sequences across all
the seven samples. At 99% sequence similarity, 400
operational taxonomic units (OTUs) were obtained, of
which 243 occurred more than once (Figs S1–S3,
supporting information data). More than 90% of the
sequences could not be taxonomically assigned at the
genus level; however, sequences belonging to the genera
Scrippsiella, Peridinium and Pfiesteria were identified via
phylogenetic analysis (Figs S1–S3, supporting informa-
tion data). Collectively, a total of 1967 sequences were
identified as belonging to the order Gonyaulacales in all
the seven environmental samples. At 99% sequence simi-
larity, 279 OTUs were obtained, out of which 156 were
represented more than once in the whole dataset.
Sequences similar to Gambierdiscus, Ostreopsis, Coolia,
Alexandrium, Protoceratium and Gonyaulax were found
(Fig. 2). However, more than 50% of the sequences
remain unidentified due to the lack of reference species.
Sample coverage ranged between 87% and 99% for both
Peridiniales and Gonyaulacales, indicating that most of

the diversity within these orders was covered successfully
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Fig. 1. Phylogenetic analysis using maximum likelihood of cob sequences obtained from PCR-based cob gene cloning and sequencing. Major
orders of Dinophyceae were shown on the right. Bootstrap values were based on 500 replicates; the thickest branches denote bootstrap value
of > 90%, medium-thick branches values of 70–90% and thin branches values of < 70%. Sequence names are followed by the number of



Fig. 2. Phylogenetic analysis using maximum likelihood of cob sequences identified as Gonyaulacales during cTEFP analysis. Bootstrap
values were based on 500 replicates, and they are indicated by branch thickness; the thickest branches > 90%, medium-thick branches
70–90% and thin branches < 70%. Each unique OTU is represented by one representative sequence, for example B3_71 (B1-11, B3-3);
B3_71 is the name of the representative sequence, and this OTU/sequence was found 11 times in sample B1 and 3 times in sample B3.
B1-B4 are samples from Broome, C1-C2 from CKI and E1 from Exmouth. Reference sequence names are followed by their accession
numbers.
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Table 2. Data obtained during cTEFP analysis.

Sample ID B1 B2 B3 B4 C1 C2 E1 Total

No. of SEQs obtained 5627 3264 2578 4540 4368 3730 6702 30809
No. of SEQs greater than 380 bp 2381 1181 761 402 1713 1227 2083 9748
No. of cob SEQs 2362 1176 753 391 1705 1210 2001 9598
SEQs identified as Peridiniales 430 238 287 17 260 846 1167 3245
No. of unique SEQs at 99% SEQ

similarity

97 48 52 11 58 156 112 400

Coverage calculated at 99%

SEQ similarity (%)

91.39 93.69 91.98 64.70 89.23 92.31 95.88 –

No. of unique SEQs for

phylogenetic analysisa
58 42 33 8 42 82 78 243

Species identified (no. of

genotypes)

Pfiesteria like

sp. (3)

Pfiesteria like

sp. (4)

Scrippsiella

like sp. (1)

Unknown

genotypes

(8)

Pfiesteria like

sp. (3)

Scrippsiella

like sp. (3)

Scrippsiella

like sp. (3)
Unknown

genotypes

(55)

Unknown

genotypes

(38)

Pfiesteria like

sp. (3)

Scrippsiella

like sp. (7)

Pfiesteria like

sp. (3)

Unknown

genotypes

(75)Unknown

genotypes

(29)

Unknown

genotypes

(32)

Unknown

genotypes

(76)
SEQs identified as Gonyaulacales 561 365 80 97 616 68 180 1967
No. of unique SEQs at 99% SEQ

similarity

170 80 17 22 121 4 44 279

Coverage calculated at 99%

SEQ similarity (%)

92.86 89.86 88.75 87.62 92.37 97.05 90.05 –

No. of unique SEQs for

phylogenetic analysisa
65 40 9 11 63 3 29 156

Species identified (No. of

genotypes)

Ostreopsis

like sp. (1)

Ostreopsis

like sp. (1)

Alexandrium

like sp. (2)

Coolia like

sp. (5)

Coolia like

sp. (13)

Unknown

genotypes

(3)

Ostreopsis

like sp. (1)
Coolia like

sp. (6)

Coolia like

sp. (9)

Protoceratium

like sp. (2)

Unknown

genotypes

(6)

Alexandrium

like sp. (1)

Alexandrium

like sp. (8)
Alexandrium

like sp. (2)

Unknown

genotypes

(30)

Gonyaulax

like sp. (1)

Gambierdiscus

sp. (1)

Gambierdiscus

sp. (1)
Protoceratium

like sp. (1)

Unknown

genotypes

(4)

Gambierdiscus

like sp. (4)

Gambierdiscus

like sp. (4)
Gonyaulax

like sp. (1)

Unknown

genotypes

(44)

Unknown

genotypes

(15)Unknown

genotypes

(54)
SEQs identified as Gymnodiniales 911 238 213 10 373 79 14 1838
No. of unique SEQs at 97% SEQ

similarity

44 22 23 4 13 16 2 101

Coverage calculated at 97%

SEQ similarity (%)

99.01 99.98 97.65 .90 99.19 97.46 99.99 –

No. of unique SEQs for

phylogenetic analysisa
40 26 21 7 11 14 2 82

Species identified (no. of

genotypes)

Gymnodinium

like sp. (2)

Gymnodinium

catenatum

like sp. (1)

Gymnodinium

like sp. (1)

Gymnodinium

like sp. (2)

Gymnodinium

like sp. (1)

Gymnodinium

like sp. (2)

Amphidinium

like sp. (2)

Karlodinium

like sp. (1)

Gymnodinium

like sp. (3)

Karlodinium

like sp. (3)

Unknown

genotypes

(5)

Akashiwo

like sp. (1)

Amphidinium

like sp. (5)
Akashiwo

like sp. (1)

Karlodinium

like sp. (1)

Karlodinium

micrum

like sp. (1)

Amphidinium

like sp. (3)

Unknown

genotypes

(7)
Amphidinium

carterae

like sp. (1)

Akashiwo

like sp. (1)

Akashiwo

like sp. (2)

Unknown

genotypes

(6)
Amphidinium

like sp. (1)

Amphidinium

like sp. (1)

Unknown

genotypes

(14)Unknown

genotypes

(34)

Unknown

genotypes

(19)
SEQs identified as Prorocentrales 89 186 7 28 165 3 411 889
No. of unique SEQs at 99% SEQ

similarity

23 43 2 5 34 2 57 126

Coverage calculated at 99%

SEQ similarity (%)

89.88 91.39 – 92.85 94.54 66.66 94.64 –

No. of unique SEQs for

phylogenetic analysisa
20 41 2 5 34 2 48 97
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documented/sequenced species (Fig. 4). Sample cover-
age was high, indicating that more than 94% of Suessiales



Fig. 3. Phylogenetic analysis using maximum likelihood of cob sequences identified as Gymnodiniales during cTEFP analysis. Bootstrap
values were based on 500 replicates, and they are indicated by branch thickness; the thickest branches > 90%, medium-thick branches
70–90% and thin branches < 70%. Each unique OTU is represented by one representative sequence, for example B4_3983 (B3-6, B4-2,
C2-1); B4_3983 is the name of the representative sequence, and this OTU/sequence was found six times in sample B3, 2 times in sample B4
and 1 time in sample C1. B1-B4 are samples from Broome, C1-C2 from CKI and E1 from Exmouth. Reference sequence names are followed
by their accession numbers.
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Fig. 4. Phylogenetic analysis using maximum likelihood of cob sequences identified as Suessiales and Prorocentrales during cTEFP analysis.
Bootstrap values were based on 500 replicates, and they are indicated by branch thickness; the thickest branches > 90%, medium-thick
branches 70–90% and thin branches < 70%. Each unique OTU is represented by one representative sequence, for example E1_197 (E1-6,
C1-36, C2-1); E1_197 is the name of the representative sequence, and this OTU/sequence was found six times in sample E1, 36 times in
sample C1 and 1 time in sample C2. B1-B4 are samples from Broome, C1-C2 from CKI and E1 from Exmouth. Reference sequence names
are followed by their accession numbers.
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Fig. 5. Phylogenetic analysis using maximum likelihood of SSU sequences obtained from rTEFP analysis. Bootstrap values were based on
500 replicates; the thickest branches denote bootstrap value of > 90%, medium-thick branches values of 70–90% and thin branches values of
< 70%. B1-B4 are samples from Broome, C1-C2 from CKI and E1 from Exmouth. Reference sequence names are followed by their accession
numbers.
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with 98.46% in cTEFP analysis (Tables 2 and 3).
Phylogenetic analysis of cob genes revealed the
Dinophyceae to be a monophyletic lineage, with the major
orders within the class (Gonyaulacales, Gymnodiniales,
Peridiniales, Prorocentrales and Suessiales) forming dis-
tinct and separate clades (Figs 1–4, and Figs S1–S3,
supporting information data), with the exception of
Heterocapsa and Amphidinium. As compared with
phylogenetic analyses based on SSU rRNA, phylogenies
based on cob are generally more highly supported at the
deeper branches (Zhang et al., 2005), allowing us to
assign unknown sequences to a particular order.
However, cob has been shown to evolve at different rates
in different lineages of dinoflagellates (Zhang et al., 2005;
Lin et al., 2009); therefore, uniform distance thresholds
for genus- or species-level discrimination across the
Dinophyceae are not possible to determine and should
not be used (Patterson, 1999; Orr et al., 2012; Murray
et al., 2012b). We overcame this issue by calculating
separate cut-off values for each order, combined with
phylogenetic analysis for identification purposes.
However, the removal of sequences that occurred only
once in the dataset (cTEFP sequence analysis, see
Experimental procedures) may have resulted in the elimi-
nation of sequences of rare species. With the limited
availability of a reference cob database, more than 50% of
the sequences in the samples could not be identified to a





are no published records of ciguatera fish poisoning from
Exmouth and CKI; however, it has been reported in



genera of macroalgae were chosen as they were present at
every site. The identity of the species of Padina and
Sargassum were obtained following the next generation
pyrosequencing. About 750 g of macroalgae was collected
from approximately 1 m deep water at low tide and briefly
placed in plastic bags containing 200–500 ml of ambient sea-
water. They were shaken vigorously for 5 min to detach the
epiphytic dinoflagellates from the macroalgae. The seawater
was collected in a separate container immediately. This sea-
water was passed through > 100 μm mesh filter to remove
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est branches denote bootstrap value of > 90%, medium-thick
branches values of 70–90% and thin branches values of
< 70%. Each unique OTU is represented by one representa-
tive sequence, for example E1_344 (E1-46, C1-2); E1_344 is
the name of the representative sequence, and this OTU/
sequence was found 46 times in sample E1 and 2 times in

sample C1. B1-B4 are samples from Broome, C1-C2 from


