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Summary

Dinoflagellates in marine benthic habitats living epi-
phytically on macroalgae are an important but highly
understudied group of protists. Many produce toxins
that can have severe economic impacts on marine-
based economies, and improved monitoring tools are
required to enhance the management of toxin-related
hazards. We analysed the distribution and diversity of
epibenthic dinoflagellates inhabiting eight sites in
Cocos (Keeling) Islands, Papua New Guinea, and
Broome and Exmouth, Western Australia. We used
pyrosequencing approaches based on two DNA
barcoding marker genes — 18S ribosomal RNA (rRNA)
and mitochondrial cytochrome b (cob) — and com-
pared these to an approach based on clone libraries
(197 sequences) using the cob gene. Dinoflagellate
sequences accounted for 133 [64 unique operational
taxonomic units (OTU)] out of 10 529 18S rRNA gene
sequences obtained from all samples. However, using
the dinoflagellate specific assay targeting the cob
gene marker, we obtained 9748 (1217 unique OTU)
dinoflagellate sequences from the same environmen-
tal samples, providing the largest, to date, set of dino-
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flagellate cob gene sequences and reliable estimates
of total dinoflagellate richness within the samples and
biogeographic comparisons between samples. This
study also reports the presence of potentially toxic
species of the genera Gambierdiscus, Ostreopsis,
Coolia, Prorocentrum and Amphidinium from the
above-mentioned geographical regions.

Introduction

More than 2000 extant species of dinoflagellates, a group
of microbial eukaryotes, are known (Taylor et al., 2008).
However, our knowledge of their diversity and global dis-
tribution in specific environments is far from comprehen-
sive. Dinoflagellates in marine benthic habitats are an
important but understudied group of protists. They are
widely distributed in both tropical and temperate environ-
ments, living epibenthically on dead corals, sediments and
numerous macroalgae (Murray, 2010). Some benthic taxa,
such as the species of Gambierdiscus, Prorocentrum and
Ostreopsis produce secondary metabolites (toxins) that
are linked to seafood-related toxin diseases worldwide
(Murakami et al., 1982; Usami et al., 1995; Chinain et al.,
2010; Kalaitzis et al., 2010). For example, ciguatera fish
poisoning affects between 50 000 and 500 000 people per
year (Fleming et al., 1998), and is caused by the ingestion
of fish that have accumulated toxins produced by
Gambierdiscus spp. Similarly, Ostreopsis spp. produces
the secondary metabolite palytoxin, which is highly toxic
and is found throughout certain reef-associated food webs,
and causes human illness and death (Usami et al., 1995;
Deeds and Schwartz, 2010). Prorocentrum lima and
related species of Prorocentrum are producers of okadaic
acid (Murakami et al., 1982; MacKenzie et al., 2005), a
toxin that bioaccumulates in shellfish and causes diarrhetic
shellfish poisoning following consumption (Quilliam and
Wright, 1995). Recently, a thecate peridinioid dinoflagel-
late was identified as a potent producer of pinnatoxin, a
toxin that accumulates in oysters (Smith et al., 2011). With
reports of a 60% increase in ciguatera fish poisoning in the
Pacific islands over the last decade, despite being highly
underreported (Skinner etal., 2011), it is important to
understand the biogeography and distribution of interstitial
(sand-dwelling) and epiphytic benthic dinoflagellates
worldwide. An increased knowledge of their diversity,
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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
etal, 2001; Lépez-Garcia 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 ouf' 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
(PCR) primer sets, that can selectively amplify only dino-
flagellate sequences directly from environmental samples.
In 2006, a dinoflagellate-specific 18S rRNA primer set was
developed for describing dinoflagellate community struc-
ture from environmental samples (Lin et al., 2006). This
method was used to amplify most of the dinoflagellate
genera as tested in that study; however, its product size
(1.6 kb) is not suitable for developing pyrosequencing

assays. Recently, an internal transcribed spacer (ITS)
region based on a barcoding technique has revealed
hidden diversity in cultured dinoflagellates (Stern et al.,
2012). However, the potential of a method based on a
region of ITS rRNA to be used as an environmental
barcoding marker is limited due to the presence of many
gene paralogues, the potential for unidentifiable chimaeras
and priming across taxa (Stern et al., 2012). Other studies
used the mitochondrial genes cob (Lin et al., 2009) and
cytochrome c oxidase (cox) (Stern et al., 2010) to deter-
mine the diversity of dinoflagellates directly from environ-
mental DNA samples. Although these studies revealed a
reasonable amount of dinoflagellate diversity, they used
conventional PCR-based cloning and Sanger sequencing,
with results limited to <200-800 clone sequences (Lin
et al., 2009; Stern et al., 2010). However, with the avail-
ability of next-generation sequencing, sequencing depth
has been increased exponentially and has yet to be used to
reveal dinoflagellate diversity in benthic systems.

In this study, we describe the diversity of epibenthic
dinoflagellates in several different geographical locations
in the Australasian region. Conventional barcoding
molecular techniques targeting the cob and 18S rRNA
genes were compared with more advanced Tag-Encoded
FLX 454-Pyrosequencing. The new pyrosequencing assay
used a cob-based dinoflagellate-specific primer set (Lin
et al., 2009), which produces short PCR products that
provide good taxon resolution to identify species. Using
this assay, we isolated the largest, to date, set of epibenthic
dinoflagellate cob gene sequences that provide reliable
estimates of total dinoflagellate richness within our
samples.

Results

Diversity of dinoflagellates via PCR, cob gene cloning
and sequencing

Three samples from Broome, two from Papua New Guinea
(PNG), and one each from Cocos (Keeling) Island (CKI)
and Exmouth were analysed via PCR and generating cob
gene clone libraries. Sequences from all 197 clones were
identified as cob genes representing various genera
belonging to Dinophyceae, based on a high level of simi-
larity in a BLAST search (Table 1). Phylogenetic analysis
was performed to facilitate accurate identification of
sequences. Depending on the level of resolution of the cob
barcoding region, they were identified at genus or species
level. Between 5 and 14 distinct dinoflagellate sequences
were identified from each site, belonging to 3-8 different
genera of dinoflagellates. Some of the sequences could be
identified at species level, such as Prorocentrum lima,
Prorocentrum micans and Ostreopsis siamensis (Fig. 1,
Table 1).

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 16, 467—485



Diversity of dinoflagellates via pyrosequencing 469

Table 1. Details of diversity of dinoflagellates at each site based on PCR-based cob gene cloning and sequencing.

Total number

Sample of clones Closest identifiable sister group in the phylogeny (number of different unique sequences identified

ID sequenced phylogenetically)

B1 26 Polarella sp. (1), Symbiodinium sp. (1), Akashiwo sp. (1), Gymnodinium sp. (1), Scrippsiella sp. (1), Pyrocystis sp.
(2), Coolia sp. (1), Ostreopsis sp. (1)

B2 28 Prorocentrum lima (1), Prorocentrum micans (1), Prorocentrum sp. (1), Gymnodinium catenatum (1), Akashiwo
sp. (1), Pfiesteria sp. (1), Coolia sp. (2), Ostreopsis sp. (1), Symbiodinium sp. (1)

B3 25 Symbiodinium sp. (2), Gymnodinium sp. (2), Pyrocystis sp. (1), Coolia sp. (1), Ostreopsis sp. (1)

C1 32 Symbiodinium sp. (1), Prorocentrum lima (1), Amphidinium sp. (1), Gambierdiscus sp. (1), Coolia sp. (2),
Ostreopsis sp. (2)

E1 29 Symbiodinium sp. (1), Polerella sp. (1), Prorocentrum lima (1), Prorocentrum sp. (2), Gambierdiscus sp. (1)

P1 26 Symbiodinium sp. (1), Prorocentrum sp. (1)?, Ostreopsis siamensis (1)

P2 31 Polerella sp. (1), Prorocentrum lima (1), Prorocentrum sp. (1), Amphidinium sp. (1), Pfiesteria sp. (1)

a. Not shown in Fig. 1.

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
(Table 2).

A total of 1838 sequences were obtained from the
Gymnodiniales representing 101 OTUs at a level of 97%
sequence similarity. Of these, 82 were found more than
once in the whole dataset. Samples from Broome and CKI
were highly diverse. Five to ten percent of these
sequences were similar to previously documented
species. However, the majority of sequences could not be
identified due to the lack of reference species, including
all sequences from Exmouth (Fig. 3). Sample coverage
ranged between 90% and 99%, indicating that most of the
Gymnodiniales diversity was covered (Table 2).

Atotal of 889 sequences were identified as belonging to
the order Prorocentrales. In phylogenetic analyses, the
order often shows two distinct clades (Grzebyk et al., 1998;
Hoppenrath and Leander, 2008; Murray etal., 2009).
While acknowledging that habitat is not a consistent char-
acter for distinguishing clades or genera (Murray et al.,
2005; Hoppenrath and Leander, 2008) because the major-
ity of species in these clades are from a particular habitat,
the clades are here referred to for simplicity as ‘clade 1’
(mostly benthic) and ‘clade 2’ (mostly planktonic). At 99%
similarity, 126 OTUs were identified, of which 97 were
represented by more than one sequence. Phylogenetic
analysis revealed 69 OTUs in clade 1 and 28 in clade 2
(Fig. 4). Sequences similar to Prorocentrum lima and
Prorocentrum cassubicum were found in the benthic clade
from Broome, Exmouth and CKI (Fig. 4); however, most of
the sequences in the planktonic clade could not be identi-
fied. Sample coverage was found to be more than 96%,
with the exception of one sample from CKI (Table 2).

For the Suessiales, a total of 508 sequences were
identified, which represented 23 OTUs at a level of 94%
sequence similarity. Phylogenetic analysis revealed
sequences similar to Symbiodinium sp. and Polarella sp.
were present in the various samples (Fig. 4). There was
a minimum of 12 OTUs that were not similar to any
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Fig. 1. Phylogenetic analysis using maximum likelihood of cob sequences obtained from PCR-based cob gene cloning and sequencing. Major
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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 97 48 52 1 58 156 112 400
similarity
Coverage calculated at 99% 91.39 93.69 91.98 64.70 89.23 92.31 95.88 -
SEQ similarity (%)
No. of unique SEQs for 58 42 33 8 42 82 78 243
phylogenetic analysis®
Species identified (no. of Pfiesteria like Pfiesteria like Scrippsiella Unknown Pfiesteria like Scrippsiella Scrippsiella
genotypes) sp. (3) sp. (4) like sp. (1) genotypes sp. (3) like sp. (3) like sp. (3)
Unknown Unknown Pfiesteria like (8) Scrippsiella Pfiesteria like Unknown
genotypes genotypes sp. (3) like sp. (7) sp. (3) genotypes
(55) (38) Unknown Unknown Unknown (75)
genotypes genotypes genotypes
(29) (32) (76)
SEQs identified as Gonyaulacales 561 365 80 97 616 68 180 1967
No. of unique SEQs at 99% SEQ 170 80 17 22 121 4 44 279
similarity
Coverage calculated at 99% 92.86 89.86 88.75 87.62 92.37 97.05 90.05 -
SEQ similarity (%)
No. of unique SEQs for 65 40 9 1" 63 3 29 156
phylogenetic analysis®
Species identified (No. of Ostreopsis Ostreopsis Alexandrium Coolia like Coolia like Unknown Ostreopsis
genotypes) like sp. (1) like sp. (1) like sp. (2) sp. (5) sp. (13) genotypes like sp. (1)
Coolia like Coolia like Protoceratium Unknown Alexandrium 3) Alexandrium
sp. (6) sp. (9) like sp. (2) genotypes like sp. (1) like sp. (8)
Alexandrium Unknown Gonyaulax 6) Gambierdiscus Gambierdiscus
like sp. (2) genotypes like sp. (1) sp. (1) sp. (1)
Protoceratium (30) Unknown Gambierdiscus Gambierdiscus
like sp. (1) genotypes like sp. (4) like sp. (4)
Gonyaulax (4) Unknown Unknown
like sp. (1) genotypes genotypes
Unknown (44) (15)
genotypes
(54)
SEQs identified as Gymnodiniales 911 238 213 10 373 79 14 1838
No. of unique SEQs at 97% SEQ 44 22 23 4 13 16 2 101
similarity
Coverage calculated at 97% 99.01 99.98 97.65 .90 99.19 97.46 99.99 -
SEQ similarity (%)
No. of unique SEQs for 40 26 21 7 1 14 2 82
phylogenetic analysis®
Species identified (no. of Gymnodinium Gymnodinium Gymnodinium Gymnodinium Gymnodinium Gymnodinium Amphidinium
genotypes) like sp. (2) catenatum like sp. (1) like sp. (2) like sp. (1) like sp. (2) like sp. (2)
like sp. (1)
Karlodinium Gymnodinium Karlodinium Unknown Akashiwo Amphidinium
like sp. (1) like sp. (3) like sp. (3) genotypes like sp. (1) like sp. (5)
Akashiwo Karlodinium Karlodinium (5) Amphidinium Unknown
like sp. (1) like sp. (1) micrum like sp. (3) genotypes
like sp. (1) (7)
Amphidinium Akashiwo Akashiwo Unknown
carterae like sp. (1) like sp. (2) genotypes
like sp. (1) (6)
Amphidinium Amphidinium Unknown
like sp. (1) like sp. (1) genotypes
Unknown Unknown (14)
genotypes genotypes
(34) (19)
SEQs identified as Prorocentrales 89 186 7 28 165 3 411 889
No. of unique SEQs at 99% SEQ 23 43 2 5 34 2 57 126
similarity
Coverage calculated at 99% 89.88 91.39 - 92.85 94.54 66.66 94.64 -
SEQ similarity (%)
No. of unique SEQs for 20 41 2 5 34 2 48 97

phylogenetic analysis?
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Sample ID B1 B2 B3 B4 Ct1 c2 E1 Total
Species identified (no. of Prorocentrum Prorocentrum Unknown Prorocentrum Prorocentrum Unknown Prorocentrum
genotypes) cassubicum lima (2) genotypes lima (1) like sp. (5) genotypes lima (1)
1) @ 2
Unknown Prorocentrum Prorocentrum Prorocentrum Prorocentrum
genotypes like sp. (5) like sp. (2) cassubicum like sp. (4)
(19) (1)
Unknown Unknown Unknown Unknown
genotypes genotypes genotypes genotypes
(34) @) (28) (43)
SEQs identified as Suessiales 111 22 143 96 66 16 54 508
No. of unique SEQs at 94% SEQ 6 4 4 5 12 6 5 23
similarity
Coverage calculated at 94% 99.09 99.99 99.99 97.91 96.96 93.75 99.97 -
SEQ similarity (%)
No. of unique SEQs for 6 4 4 4 12 6 5 23
phylogenetic analysis?
Species identified (no. of Symbiodinium Symbiodinium Symbiodinium Symbiodinium Symbiodinium Symbiodinium Symbiodinium
genotypes) like sp. (3) like sp. (1) like sp. (1) like sp. (3) like sp. (4) like sp. (3) like sp. (4)
Polarella like Polarella like Polarella like Unknown Unknown Unknown Polarella like
sp. (1) sp. (1) sp. (1) genotype genotype genotype sp. (1)
Unknown Unknown Unknown (1) 8) 3)
genotype genotype genotype
(2] () @)
SEQs identified as Dinophysiales 5 3 - - 4 - - 12
No. of unique SEQs at 98% SEQ 1 1 - - 1 - - 3
similarity
SEQs that could not be identified 255 124 23 143 221 198 175 1139
No. of unique SEQs at 99% SEQ 87 38 12 30 71 39 49 284
similarity
Coverage calculated at 99% SEQ 85.09 82.25 78.26 93.00 87.33 96.96 92.57 -

similarity (%)

a. The number of unique sequences for phylogenetic analysis were calculated by pooling the sequences from all the seven samples belonging to a particular order together, and
sequences that occurred only once in this whole dataset, across seven samples at specific percentage similarity, were removed. For example, after pooling all the gonyaulacalean
sequences together from all the samples, if a sequence was present once in multiple samples like B1 and B2, it was not deleted; only if the sequence was present in sample B1 once

and not present in any other sample was it deleted.

documented/sequenced species (Fig. 4). Sample cover-
age was high, indicating that more than 94% of Suessiales
diversity was covered for each site (Table 2). Although
most of the genera in Dinophysiales are planktonic
(Hernandez-Becerril et al., 2008) surprisingly, a total of 12
sequences were identified as belonging to this order, origi-
nating from the two Broome samples and one CKI sample
(Table 2). At 98% sequence identity, 3 OTUs were
obtained.

Diversity of dinoflagellates via ribosomal tag-encoded
FLX 454-pyrosequencing (rTEFP)

Since all the samples analysed via cTEFP showed a large
diversity of dinoflagellates, an attempt was made to
analyse the samples via rTEFP to determine and identify
more species in all the seven marine samples. A total of
10 529 18S rRNA gene sequences were obtained from all
the samples. The 18S rRNA gene primers amplify all
eukaryotes; therefore, only 133 sequences were identified
as being highly similar to those of dinoflagellates via
phylogenetic analysis (Fig. 5), revealing 18 distinct genera
and 21 species from Broome, CKI and Exmouth (Table 3).

Discussion

Comparison of cTEFP, rTEFP and cob cloning-based
sequencing methods

We initially generated cob clone libraries from our
samples, which provided preliminary estimates of the
level of diversity present. Between 25 and 35 clones per
sample were sequenced, but this method did not show
complete dinoflagellate diversity, as certain genera
recorded via a microscope-based survey were not found
(data not shown). Therefore, we designed the cTEFP
assay to provide a more complete picture of dinoflagellate
diversity in benthic environments. With an average of
1300 cob sequences per sample, the estimated coverage
of the samples suggested that more than 90% of dinoflag-
ellate cob sequence diversity was recovered via cTEFP
(Table 2). All the genera that were observed using the light
microscope were detected using cTEFP. This level of
selective deep sequencing has never been achieved for
dinoflagellates in benthic systems. We also used an SSU-
based rTEFP analysis to survey eukaryotic diversity in the
same samples. Only 2-3% of the sequences found using
this method were of dinoflagellate origin, as compared
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Fig. 3. Phylogenetic analysis using maximum
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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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Table 3. Data obtained during rTEFP analysis.
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Sample
ID

Total number
of sequences
obtained

Total number
of unique
sequences
obtained

Total number
of dinoflagellate
sequences obtained

Total number
of unique
dinoflagellate
sequences

Closest identifiable sister group in the phylogeny
(number of different unique sequences identified
phylogenetically)

B1

B3

1319
1432
1403

220
330
390

4
7
35

3
4
20

Bysmatrum sp. (2), Ostreopsis sp. (1)
Coolia sp. (2), Ostreopsis sp. (1)
Heterocapsa triquetra (1), Heterocapsa sp. (2),

B4 2074 348 7
C1 1598 302 20

c2 1323 336 26

E1 1380 319 34

Duboscquodinium collinii (1), Gymnodinium sp. (3),
Gymnodinium catenatum (1), Prorocentrum sp. (2),
Polarella sp. (3), Protoceratium reticulatum (1),
Protoceratium sp. (2), Protoperidinium pellucidum
(2), Protoperidinium bipes (2), Ceratium sp. (1),
Ceratium fusus (1), Amphidinium massartii (1),
Alexandrium fraterculus (1), Alexandrium sp. (1)
Prorocentrum sp. (2), Ostreopsis sp. (1)
Prorocentrum sp. (1), Polarella sp. (1), Prorocentrum
concavum (1), Galeidinium rugatum (1),
Amphidinium massartii (3), Coolia sp. (2),
Ostreopsis cf. ovata (1), Ostreopsis sp. (1)
Gymnodinium sp. (1), Prorocentrum sp. (2),
Symbiodinium sp. (1), Polarella sp. (1),
Amphidiniella sedentaria (1), Bysmatrum sp. (2),
Amphidinium massartii sp. (3), Coolia sp. (1)
Symbiodinium sp. (1), Prorocentrum concavum (1),
Galeidinium rugatum (2), Amphidinium massartii
(1), Gambierdiscus carpenteri (2), Gymnodinium
sp. (1)

a. Not shown in Fig. 5.

with 98.46% in cTEFP analysis (Tables2 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
etal, 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
particular genus, and of those assigned a genus, species-

level identification often could not be achieved, for
example within the Gambierdiscus, Ostreopsis and
Coolia. This problem will be overcome by enhancing the
cob reference database. As the reference database for
18S rRNA genes is currently much more comprehensive
than the cob reference database, despite the low recovery
of dinoflagellate sequences in rTEFP analysis, almost all
the sequences could be identified at the genus or species
level, therefore making it an efficient tool for monitoring
toxic species in local areas.

Identification of novel dinoflagellate diversity

Epibenthic dinoflagellate diversity from PNG, CKI,
Exmouth and Broome has never been studied before, as
previous studies mainly focused on sand dinoflagellates
(Murray et al., 2006a,b; 2007). The total number of
unique OTUs was 77-425 per sampling site, indicating
similar diversity levels in each sample. This estimate is
considerably more than the diversity that has been
reported in studies based on light and electron micro-
scopic observations, which indicated that 25-40 different
species may be present in these habitats (Turquet ef al.,
1998).

During cTEFP analysis of sequences of the order
Peridiniales, 243 unique OTUs were repeated more than
once in the cob dataset. Similar results were found in
other groups of dinoflagellates, with a final total of 604

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 16, 467—485



478 G@G. S. Kohli et al.

A

E (85)
14.13%

BE (24)
4%
BCE (27
G5

BC (47)
7.82%

B (243)

40.10% C 160

26.45%

Padina sp. Sargassum sp.

(462) 76.5% (82) 13.6%

Fig. 6. (A) Venn diagram showing the distribution of unique OTUs obtained during cTEFP analysis from different geographical locations (B,

Broome; C, CKI; E, Exmouth). The number in brackets represents the number of OTUs from that area. The percentage depicts the proportion
of those OTUs in the pool of 604 unique OTUs from all the three regions. (B) Venn diagram showing the distribution of unique OTUs obtained
during cTEFP analysis from different macroalgae where P & S stands for Padina sp. and Saragassum sp. The number in brackets represents
the number of OTUs from each macroalgal species, and the percentage depicts the proportion of those OTUs in the pool of 604 unique OTUs

from both types of macroalgal species.

unique OTUs across all the orders (Gonyaulacales — 156
OTUs, Peridiniales — 243 OTUs, Gymnodiniales — 82
OTUs, Prorocentrales — 97 OTUs, Suessiales — 23 OTUs,
Dinophysiales — 3 OTUs, totalling to 604 OTUs all
together). Such high molecular diversity may indicate the
presence of morphologically highly similar but genetically
diverse species (cryptic species) in benthic environments.
In the past 15 years, cryptic species have been found
in numerous dinoflagellate taxa, including Scrippsiella
trochoidea (Zinssmeister etal., 2011), Alexandrium
minutum (Lilly etal.,, 2005), Amphidinium carterae,
Amphidinium massarti (Murray etal., 2012a), Pro-
rocentrum lima (Nagahama et al., 2011) and Peridinium
limbaticum (Kim et al., 2004). These results further confirm
that genetic diversity of major ‘barcoding’ regions is gen-
erally higher than can be determined from the morphologi-
cal variability of dinoflagellates.

During cTEFP data analysis, of those 604 OTUs, only
4.5% (27) were found in all the three regions, which
included sequences similar to Amphidinium, Ostreopsis,
Symbiodinium and Prorocentrum lima (Figs 2—4 and 6A,
and Figs S1-S3, supporting information data). However,
80.7% (488) of the OTUs were unique to one region:
Broome (243 OTUs), CKI (160 OTUs) and Exmouth (85
OTUs) (Figs 2—4 and 6A, and Figs S1-S3, supporting
information data). A further 14.8% (89) unique OTUs were
found in at least two of the three regions. This included
sequences of Gambierdiscus from Exmouth and the CKI
(Figs 2—4 and 6A, and Figs S1-S3, supporting informa-
tion data). Also, as samples were collected from two dif-
ferent types of macroalgae, 76.5% (462 OTUs) were only
found in samples collected from Padina sp., 13.6% (82
OTUs) were found in samples collected from Sargassum
sp., and 9.9% (60 OTUs) were common to both
macroalgal species (Fig. 6B).

In the literature, two models have been proposed to
describe the biogeographic distribution of microbial

eukaryotes (protists) (Finlay, 2002; Finlay and Tom, 2004;
Foissner, 2009). The moderate endemism model suggests
that many protists might have a restricted distribution and
that endemism may be common (Foissner, 2009). The
ubiquity model suggests that microbial eukaryotes are
cosmopolitan and occur wherever their required habitats
are realized, as a consequence of ubiquitous dispersal
driven by huge population sizes, and the consequently low
probability of local extinction (Finlay, 2002; Finlay and Tom,
2004). Our data revealed large differences in the diversity
between sites, with a relatively small overlap, despite
sampling highly similar microhabitats, associated with the
epibenthic communities on Padina sp and Sargassum sp.
These results are in agreement with the moderate
endemism model. Further sampling at fine spatial and
temporal scales is required to determine how these results
relate to the wider biogeographic distribution of these
organisms.

This study provides an initial report of a number of
species in particular geographic regions. Prorocentrum
concavum and Ostreopsis cf ovata were identified from
Broome and Exmouth, the initial report of these species
in Australia. The monotypic genus Galeidinium was
newly described in 2005 (Tamura et al., 2005) and is so
far only known from the western Pacific nation of Palau.
This study increases its known distribution to CKI and
Exmouth (Fig. 5). Our data also revealed a genetically
unique lineage of Gambierdiscus in Exmouth, similar to
Gambierdiscus carpenteri (Fig. 5). This site requires
further investigation in order to fully characterize this
likely new species. To date, the only known species of
Gambierdiscus in Australia is Gambierdiscus toxicus
(Murray, 2010). Recent reports have shown that each
species of Gambierdiscus has a different toxin profile, with
some being potent producers of ciguatoxins and/or
maitotoxins, and others being totally nontoxic (Chinain
et al., 2010; Litaker et al., 2010; Fraga et al., 2011). There
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Fig. 7. Map showing location of different
sampling sites: (B) Broome, Western
Australia. (E) Exmouth, Western Australia. (C)
Cocos (Keeling) Islands. (P1) Tawali, Milne
Bay, Papua New Guinea. (P2) Lion Island,
Port Moresby, Papua New Guinea. Shaded
areas in the map indicate sampling sites.

are no published records of ciguatera fish poisoning from
Exmouth and CKI; however, it has been reported in
Queensland and numerous Pacific island nations (Lewis,
2006; Skinner etal, 2011). It is important to identify
Gambierdiscus at the species level to assess the risk
of ciguatera fish poisoning in these areas. Similarly,
the presence of other potentially toxic species of the
genera Ostreopsis, Coolia, Amphidinium, Prorocentrum
and Gymnodinium in Exmouth and the CKI suggests the
need for further investigations, for better management of
toxin-related diseases. Samples from PNG revealed
the presence of sequences similar to Symbiodinium,
Prorocentrum lima, O. siamensis, Polarella, Amphidinium
and Pfiesteria sp. (Fig. 1).

The retrieval of sequences related to the freshwater
species Peridinium aciculiferum from some sites
(Figs S1-S3, supporting information data) suggests that a
related species may be found in marine habitats, as has
been previously reported (Logares etal, 2007).
Sequences similar to some generally planktonic genera,
such as Protoperidinium, Protoceratium, Karlodinium,
Gonyaulax and Akashiwo, were identified in Broome, CKI
and Exmouth. Using the standard sampling method
developed for epiphytic dinoflagellates (Bomber et al.,
1989; Morton and Faust, 1997; Holmes, 1998; Rhodes
et al., 2010), samples were rinsed in ambient seawater.

Using filtered seawater to rinse macroalgae could elimi-
nate the possibility that planktonic dinoflagellates are
co-isolated.

In conclusion, we found that both cTEFP and rTEFP are
promising tools for estimating the diversity of dinoflagel-
lates in benthic systems, as well as for the monitoring of
potentially toxic dinoflagellates. The specificity of this
CcTEFP technique for assessing dinoflagellates has
allowed for the amplification of a much greater proportion
of the total dinoflagellate population in a particular envi-
ronmental sample. However, because the reference data-
base of cob sequences from known species is currently
small, rTEFP may be a better tool for identification and
monitoring purposes. As the cob reference database
grows, cTEFP may, however, prove to be a promising tool
for future dinoflagellate diversity studies.

Experimental procedures
Sample collection

Samples were collected from eight different sites from four
different tropical regions around Australasia (Fig. 7, Table 4).
Except Broome, all sampling sites were coral reefs. As dino-
flagellates are known to live epibenthically on numerous
macroalgae, specimens of Padina sp. and Sargassum sp.
were collected (Bomber et al., 1989; Holmes, 1998). These
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Table 4. List of sampling sites, the macroalgae the samples were collected from, their water temperature at the time of sample collection and the type of analysis done with each sample.

Diversity analysis

Water

ITEFP
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No

o

cTEFP
Yes
Yes
Yes

es
Yes
Yes
Yes
No

o

PCR-cloning
of cob

Yes
Yes
Yes
No

Yes
Yes
Yes
Yes

No

temperature

C)
25
25
25
25
26
28
28

Macroalgae
Padina sp.
Padina sp.
Padina sp.
Sargassum sp.
Padina sp.
Sargassum sp.
Padina sp.
Padina sp
Padina sp.

Town Beach, Ningaloo reef, Exmouth, WA, Australia (21°56’21.37°S, 114° 8'26.00'E)

Gantheaume Point, Broome, WA, Australia (17°58'24.02‘S, 122°10'43.46’E )
Lion Island, Port Moresby, Papua New Guinea (9°32'9.11‘S, 147°16’34.32'E)
Tawali, Milne Bay, Papua New Guinea (10°19'54.57‘S, 150°30'42.83’E)

Town Beach, Broome, WA, Australia (17°58'23.31‘S, 122°14'9.68'E)
Gantheaume Point, Broome, WA, Australia (17°58'24.02‘S, 122°10'43.46’E )

Cable Beach, Broome, WA, Australia (17°55'34.34‘S, 122°12’31.00'E)
South Lagoon, Cocos (Keeling) Islands (12°9'43.76'S, 96°50'59.15’E)
South Island, Cocos (Keeling) Islands (12°9'45.86'S, 96°53'38.36’E)

Location (Latitude, Longitude)

Sample

ANt TN N
Sl nmmmOoOWLaa

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 um mesh filter to remove
any remaining larger fauna and debris. From this, approxi-
mately 50 ml of each sample was filtered using a 3 um filter
(Merck Millipore®, Billerica, MA, USA). Cells were washed
from the filters using about 5 ml RNAlater (Ambion®, Austin,
TX, USA) for preservation and stored at 4°C.

Culturing

To enhance the cob reference database, the following dino-
flagellate species were obtained from the Cawthron Institute
Culture Collection (Nelson, New Zealand): Gambierdiscus
australes CAWD149, isolated from the Cook Islands (21°13'S
159°46’'W) (Rhodes et al., 2010); O. siamensis CAWD173,
isolated from New Zealand (34°58'S 173°16’E); O. ovata
CAWD174 isolated from Cook Islands (21°14’S 159°47'W);
Coolia monotis CAWD98, isolated from New Zealand
(41°11°S, 173°20’E); and Prorocentrum compressum
CAWDS3Q0, isolated from New Zealand (38°10’S, 174°41°E). All
cultures were grown at 25°C, in 12:12 h light : dark cycle with
60 umol m2s™" light intensity in f/2 medium. Five hundred
millilitres of cultures were harvested once the cells reached
early stationary phase, and pellets were preserved in 2 ml
RNAlater at 4°C for DNA extraction.

DNA extraction

A 50 mg pellet of the preserved samples/culture cell pellet
was collected via centrifugation (12000 x g, 5 min) and used
to extract total genomic DNA via FastDNA® Spin kit for Soil
(MP Biomedicals, Solon, OH, USA). The manufacturer’s pro-
tocol was followed, and samples were stored at —20°C until
PCR amplification.

PCR, construction and screening of
dinoflagellate-specific cob clone libraries

All PCR reactions were performed in 25 pl reaction volumes
containing 5ul Tag polymerase buffer, 2.5 ul GC Melt
(Clontech, Mountain View, CA, USA), 0.2 mM deoxy-
nucleotide triphosphates, 10 pmol each of the forward and
reverse primers, between 10 and 100 ng genomic DNA, and
0.5 U of Advantage®-GC 2 Taq Polymerase (Clontech). PCR
for cob was performed using primers dinocob4f and dinocob6r
(Lin et al., 2009), and the following cycle conditions: initial
denaturation at 96°C for 3 min followed by 32 cycles of dena-
turation at 94°C for 20 s, primer annealing at 55°C for 20 s and
an extension at 68°C for 1 min followed by a final extension
step at 68°C for 3 min. The PCR amplicons were cloned using
TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. More than 25 clones were
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sequenced for each sample. Sequencing was performed
using the PRISM BigDye cycle sequencing system and a
model 373 sequencer (Applied Biosystems, Foster City, CA,
USA) at the Ramaciotti Centre for Gene Function Analysis
(Sydney, Australia). Sequence data were trimmed and ana-
lysed using the GENEIOUS® software (Kearse et al., 2012),
while identity/similarity values to other sequences were deter-
mined using BLAST, in conjugation with the National Center for
Biotechnology Information (NIH, Bethesda, MD, USA). Finally,
phylogenetic analysis combining reference sequences and
sequences obtained during this study was carried out to
determine the diversity of dinoflagellates in each sample.

Tag-encoded FLX 454-pyrosequencing

Cob tag-encoded FLX 454-pyrosequencing and 18S rRNA
gene ribosomal tag-encoded FLX 454-pyrosequencing was
performed using primers designed in previous studies. For
CTEFP assay, the primer pair dinocob4f (AGCATTTATG
GGTTATGTNTTACCTTT) and dinocob6r (ATTGGCATAGG
AAATACCATTCAGG) (Lin etal., 2009), which amplifies a
441 bp bar-coded region of the cob gene, was tailored for
pyrosequencing. This was done by adding a biotin and fusion
linker sequence at the 5’ end of the forward primer and a
fusion linker, and a proprietary 12 bp barcode sequence at
the 5" end of the reverse primer. Sequencing was performed
at the 3’ end of the product rather than the 5’ end using the
reverse primer. For rTEFP assay, the primer pair euk-A7F
(AACCTGGTTGATCCTGCCAGT) (Medlin etal., 1988) and
euk-570R (GCTATTGGAGCTGGAATTAC) (Weekers et al.,
1994), which amplifies a 563 bp region of the 18S rRNA
gene, was tailored for pyrosequencing. This was done by
adding a fusion linker and the 12 bp barcode sequence at the
5’ end of the euk-A7F forward primer, and a biotin and fusion
linker sequence at the 5’ end of the reverse primer. Sequenc-
ing was performed from the 5’ end of the product using the
forward primer. PCRs and FLX-titanium sequencing (Roche,
Nutley, NJ, USA) were carried out at the Research and
Testing Laboratory (Lubbock, TX, USA) according to their
established protocols (Dowd et al., 2008).

CcTEFP sequence analysis

Trimming and selection of high-quality reads was done using
the MOTHUR software package (Schloss etal, 2009).
Sequences with any ambiguous base calls and/or shorter
than 380 bp in length were discarded. A local BLAST using the
nr/nt database was performed, and any sequence with the
closest BLAST match (based on sequence percentage simi-
larity) to a non-dinoflagellate cob sequences was discarded.
Unique sequences were obtained using the unique.segs and
cluster.fragments command in MOTHUR. Chimeras were iden-
tified using chimera.uchime in MOTHUR and eliminated from
the unique sequences list. After removing the chimeras, all
the sequences were combined with 46 reference sequences
(Table S1, supporting information data), and phylogenetic
analysis was carried out to identify and segregate sequences
based on their taxonomic orders, which were Gonyaulacales,
Peridiniales, Gymnodiniales, Prorocentrales, Suessiales and
Dinophysiales. Sequences that could not be assigned to any
dinoflagellate order based on phylogenetic analysis were
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marked as unknown sequences and not analysed any further.
This divided the dataset from each sample into six-
subsample datasets based on the six orders. Sequences
from each subsample were aligned and trimmed using MAFFT
v6.814b (Katoh et al., 2002) in Geneious®. Coverage and
number of unique sequences, based on percentage similarity,
was calculated using the following commands in MOTHUR:
unique.seqs, dist.seqs, cluster, summary.single (calc=nseqs-
coverage-sobs). In MOTHUR, coverage calculator is based on
Goods equation (Good, 1953).

To determine the number of species/genera within each
sample, an accurate identification of sequences based on
percentage similarity could not be performed due to the
limited availability of sequences to construct a comprehen-
sive cob database. No single universal distance threshold
could be established to define a distinct species or genus
across the whole Dinophyceae class, as the diversity in this
gene was strikingly different for some genera. To identify and
estimate diversity at the genus level accurately, the minimum
distance between different genera within each order was
calculated, based on the percentage similarity of reference
sequences. These were calculated as Gonyaulacales (99%),
Peridiniales (99%), Gymnodiniales (97%), Prorocentrales
(distance between different species 99%) and Suessiales
(96%). Due to sequencing error, inflation of diversity esti-
mates at a 99% cut-off has been associated with
pyrosequencing in prokaryotes (Kunin et al., 2010). To mini-
mize this, sequences from all the seven samples belonging
to a particular order were pooled together, and sequences
that occurred only once in this whole dataset, across seven
samples at specific percentage similarity, were removed. For
example, after pooling all the gonyaulacalean sequences
together from all the samples, if a sequence was present
once in multiple samples, such as B1 and B2, it was not
deleted. However, if the sequence was present in sample B1
once and not present in any other sample, it was deleted. A
final phylogenetic analysis was performed using unique
sequences from each order and 49 reference sequences
(Table S1, supporting information data) to identify the genera
present in each sample.

Very limited information is available on the copy number of
the cob gene in the mitochondrial genomes of dinoflagellates
(Waller and Jackson, 2009; Jackson et al., 2012). Recent
studies have shown that only very slight variations exist
between different copies of cytochrome ¢ oxidase 1 genes
within the same species (Scrippsiella and Prorocentrum —
0.2% pairwise distances, Symbiodinium — 1.3% pairwise dis-
tances) (Stern et al., 2010). The cut-off values of different
OTUs used in the current study were 96-99% of sequence
similarity, as described above. This range of percentage
sequence similarity is higher than the diversity observed
intra-genomically in the cytochrome c oxidase 1 gene.

rTEFP sequence analysis

Sequences obtained via rTEFP were trimmed, and unique
sequences were selected using the following commands in
MOTHUR: trim.seqs, unique.seqs and cluster.fragments. On the
selected sequences, a local BLAST using the nr/nt database
was performed, and sequences with the closest BLAST match
to dinoflagellate SSU sequences were selected (based on
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sequence percentage similarity). These sequences were com-
bined with 61 reference sequences (Table S2, supporting
information data), and phylogenetic analysis was carried out
for identification purposes.

Phylogenetic analysis

All steps were performed in Geneious® software (Kearse
et al., 2012). Sequences from different datasets were aligned
using MAFFT v6.814b (Katoh et al., 2002). Alignments were
trimmed manually to ensure they spanned the same cob/18 s
rRNA region. After aligning the sequences, the best substitu-
tion model was determined using MODELTEST (Posada and
Crandall, 1998), and a maximum likelihood phylogenetic
analysis was carried out using the programme PHYML
(Guindon et al., 2010), with 500 bootstraps.
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version of this article at the publisher's web-site:

Fig. S1. Phylogenetic analysis using maximum likelihood of
cob sequences identified as Peridiniales during cTEFP analy-
sis. Bootstrap values were based on 500 replicates; the thick-
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 B1_547 (B1-6, B2-2, B3-22,
C2-2); B1_547 is the name of the representative sequence,
and this OTU/sequence was found 6 times in sample B1, 2
times in sample B2, 22 times in sample B3 and 2 times 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.

Fig. S2. Phylogenetic analysis using maximum likelihood of
cob sequences identified as Peridiniales during cTEFP analy-
sis. Bootstrap values were based on 500 replicates; the thick-
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 C1_174 (C1-6, E1-1); C1_174 is
the name of the representative sequence, and this OTU/
sequence was found 6 times in sample C1 and once in
sample E1. B1-B4 are samples from Broome, C1-C2 from
CKI and E1 from Exmouth. Reference sequence names are
followed by their accession numbers.

Fig. 83. Phylogenetic analysis using maximum likelihood of
cob sequences identified as Peridiniales during cTEFP analy-
sis. Bootstrap values were based on 500 replicates; the thick-
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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
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sample C1. B1-B4 are samples from Broome, C1-C2 from
CKIl and E1 from Exmouth. Reference sequence names are
followed by their accession numbers.

Table S1. Cytochrome b reference sequences used in this
study.

Table S2. 18 s reference sequences used in this study.
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