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Dinoflagellate taxonomy is based primarily on
morphology and morphometric data that can be
difficult to obtain. In contrast, molecular data can
be rapidly and cost-effectively acquired, which has
led to a rapid accumulation of sequence data in
GenBank. Currently there are no systematic criteria
for utilizing taxonomically unassigned sequence
data to identify putative species that could in turn
serve as a basis for testable hypotheses concerning
the taxonomy, diversity, distribution, and toxicity of
these organisms. The goal of this research was to
evaluate whether simple, uncorrected genetic dis-
tances (p) calculated using ITS1/5.8S5/ITS2 (ITS
region) rDNA sequences could be wused to
develop criteria for recognizing putative species be-
fore formal morphological evaluation and classifi-
cation. The current analysis used sequences from 81
dinoflagellate species belonging to 14 genera. For
this diverse assemblage of dinoflagellate species, the
within-species genetic distances between ITS region
copies (p = 0.000-0.021 substitutions per site) were
consistently less than those observed between spe-
cies (p =0.042-0.580). Our results indicate that a
between-species uncorrected genetic distance of
$>0.04 could be used to delineate most free-living
dinoflagellate species. Recently evolved species,
however, may have ITS p values <0.04 and would
require more extensive morphological and genetic
analyses to resolve. For most species, the sequence
of the dominant ITS region allele has the potential to

'Received 8 November 2005. Accepted 1 December 2006.

The U.S. government has the right to retain a nonexclusive royalty-
free license in and to any copyright covering this paper.

2Author for correspondence: e-mail Wayne.Litaker@noaa.gov.

344

serve as a unique species-specific “DNA barcode”
that could be used for the rapid identification of di-
noflagellates in field and laboratory studies.

Key index words:  dinoflagellate; evolution; molec-
ular species identification; morphospecies; riboso-
mal DNA

Abbreviations: bp, base pairs; ITS, internal tran-
scribed spacer; ML, maximum likelihood; NTS,
nontranscribed spacer; p, uncorrected genetic dis-
tance; PLOs, Pfiesteria-like organisms; QPCR,
quantitative PCR; RGC, ribosomal gene complex

Dinoflagellate species are described based on mor-
phological differences, most commonly the number,
shape, and size of the thecal plates covering the cell
(Fensome et al. 1999). These morphological features
are generally characterized using time-consuming
electron microscopy. In contrast to morphological
techniques, DNA sequencing methods have improved
greatly in recent years, both in terms of accuracy and
efficiency, making molecular characterization of cells
technically easier and less expensive to perform (Haley
et al. 1999, LaJeunesse and Trench 2000, Godhe et al.
2002, Galluzzi et al. 2004). These advances have re-
sulted in the rapid accumulation of rDNA sequence
data in GenBank. The frequency and diversity of un-
classified rDNA dinoflagellate sequences in GenBank
suggests the existence of numerous species that have
yet to be morphologically evaluated. A method for sys-
tematically organizing these new sequence data into
putative species groups could therefore help identify
species before formal description. Further, the identi-
fication of putative species groups would assist in gen-



RECOGNIZING DINOFLAGELLATE SPECIES 345

erating hypotheses concerning taxonomic relation-
ships among dinoflagellates. Such an approach is par-
ticularly  relevant, given that most extant
dinoflagellates have yet to be described (Sournia
1986) and that the first potential identifier of new spe-
cies will likely be an rDNA sequence.

This study specifically examined whether an empir-
ical categorization system could be developed that
would allow novel ITS1/5.85/1TS2 (ITS region)
rDNA sequence data to be partitioned into putative
species groups. The method involved the following: (1)
identifying I'TS region sequence data from well-de-
fined species, (2) calculating uncorrected genetic dis-
tance values (p) to estimate within- and between-
species divergence, and (3) determining if a p value
above a specified threshold correlated with recognized
species. The ITS region was selected because there
were sufficient data to undertake the study and be-
cause the region diverges rapidly during speciation.
Consequently, this region has been successfully used to
identify species as diverse as fungi (Larsson and
Jacobsson 2004), vascular plants (Wagstaft 2004), and
insects (Wagener et al. 2004). It should be emphasized
that this approach is not intended to supplant tradi-
tional morphological species definitions, but rather to
supplement morphological data and allow greater util-
ization of information on species diversity as new I'TS
region data are added to GenBank.

The first dinoflagellate I'TS region was obtained
from Prorocentrum micans Ehrenb. in the mid-1980s
(Maroteaux et al. 1985). By the mid-1990s, ITS se-
quence data were being used to identify a number of
harmful algal species (Adachi et al. 1996, 1997, Hud-
son and Adlard 1996). Since that time, species-specific
molecular assays based on unique ITS sequences have
been used to address important taxonomic, phyloge-
netic, and ecological questions concerning dinoflagel-
lates (e.g., D’Onofrio et al. 1999, Penna and Magnani
1999, LaJeunesse and Trench 2000, Cho et al. 2001,
Edvardsen et al. 2003, Galluzzi et al. 2004). Despite
the wide use of I'TS sequence data, no systematic study
has been undertaken to determine if these sequences
could be used to recognize putative species across a
wide range of dinoflagellate groups.

Because ITS regions diverge rapidly, and vary in
length, it is often difficult to align and compare hom-
ologous base pairs (bp). The accurate comparison of
homologous bp is the most fundamental assumption
underlying algorithms used to calculate phylogenetic
relationships (Rosenberg 2005). Because of this align-
ment issue, we used uniform alignment parameters
and then calculated uncorrected genetic distances as
an alternative to phylogenetic analyses for discrimin-
ating dinoflagellate species. For this approach to be
effective, the within-species variation must be system-
atically lower than the between-species variation, even
when the alignments are suboptimal. A potential com-
plication in assessing the within-species ITS region
sequence variation is that there are multiple rDNA
copies per genome. Estimates range from 200 to 1200

copies per cell, depending on the species (Maroteaux
et al. 1985, Galluzzi et al. 2004). Random sequence
mutations can occur in the rDNA copies, resulting in
sequence variation both among ITS region copies in
the same genome as well as between genomes of the
same species (Le Blancq et al. 1997). In this study, we
calculated both intragenomic (within isolate) and
intergenomic (between individual isolates) genetic dis-
tances to determine if sequence variation was equiva-
lent within and among genomes of the same species.

Some heterogeneity among I'TS copies is expected
since they serve as spacer regions within the ribosomal
gene complex (Nazar 2004). As such, these regions
would be more likely to accumulate mutations than the
flanking small subunit (SSU), 5.8S, and large subunit
(LSU) genes, which are under strong stabilizing selec-
tion because of their critical role in protein synthesis
(Lygerou et al. 1996, Allmang et al. 1999, 2000). How-
ever, the frequency of these mutations within a species
is reduced by concerted evolution, the process by
which gene conversion and unequal crossover events
maintain the integrity of multigene families (Ohta
2000, Kovarik et al. 2004, Rooney 2004).

A complex interplay between mutation, gene conver-
sion, unequal crossover events, and sexual reproduction
increases genetic divergence between the ITS regions of
different species while maintaining a lower than expect-
ed within-species variation (Gerbi 1986, Silva and Faust
1995, Giacobbe and Yang 1999, Probert et al. 2002,
Lee et al. 2003, Nagai et al. 2003, Shankle et al. 2004).
This implies that if gene conversion is operating ef-
fectively, intraspecific ITS region genetic distances
would be consistently lower than interspecific distanc-
es. A threshold genetic distance may therefore exist
that correlates with known species-level differences.

MATERIALS AND METHODS

Calculating genetic distances. Sequences were aligned using
the CLUSTAL_X algorithm (Thompson et al. 1997). The open
and extended gap penalties were set at the default values of 10.0
and 5.0, respectively, for both the pair-wise and multiple align-
ment phases. Completed alignments were saved as NEXUS files
and imported into PAUP*4b10 software (Swofford 2002) so that
divergence rates could be estimated using simple uncorrected
pair-wise (p) distance matrices. Previous studies have indicated
that the ITS1 and ITS2 regions exhibit different levels of vari-
ation, which could influence the overall genetic distances esti-
mated within or between species. To investigate this possibility, p
values were calculated for the I'TS1, 5.8S, and ITS2 regions sep-
arately, as well as for the combined ITS region sequence data.
Genetic distances between sequences in each analysis were ex-
pressed as the number of substitutions per site. Constant align-
ment parameters and a simple distance method make the
procedure easy to replicate.

Sampling to assess within-genome ITS region genetic distances.
The data for assessing within-genome variability among I'TS
region copies came primarily from two sources. The first
source included ITS copies obtained from single-cell isolates
that were sequenced as a prerequisite for developing the
species-specific ITS PCR assays reported in Litaker et al.
(2003). It was assumed that because the cultures were started
from a single cell, all the ITS region copies sequenced from
that isolate belong to the same genome. The specific dino-
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flagellates sequenced included the following: (1) Amylo-
odinium ocellatum E. Brown et Hovasse; (2) Cryptoperidiniopsis
brodyi Steid., Landsberg, P. L. Mason, Vogelbein, Tester et
Litaker isolate Cell H; (3) Cryptoperidiniopsis sp. isolate Ab
(=PLO21) (Steidinger et al. 2006); (4) C. brodyi isolate V14;
(5) Heterocapsa triquetra (Ehreb.) F. Stein; (6) Karenia brevis
(C. C. Davis) G. Hansen et Moestrup; (7) K. mikimotoi (Miyake
et Kominami ex Oda) G. Hansen et Moestrup; (8) Karl-
odinium veneficum (D. L. Ballant.) J. Larsen; (9) a Lucy species
(Steidinger et al. 2001); (10) Pfiesteria piscicida Steid. et
Burkh. J. M. isolate CCMP 1834; (11) Pf. piscicida isolate
CCMP 1921; (12) Pf. piscicida isolate Noga P; (13) P, piscicida
isolate Cell M; (14) Pf. piscicida isolate VIMS 10/11; (15)
Pseudopfiesteria shumwayae (H. B. Glasgow et J. M. Burkh.)
Litaker, Steid., P. L. Mason, J. H. Shields et Tester isolate VIMS
1049; (16) Ps. shumwayae isolate Noga S; and (17) Prorocentrum
minimum (Pavill.) J. Schiller. To ensure consistent results,
single-cell isolates were also established from all CCMP cul-
tures. The second source included a large study of intrage-
nomic variation in the ITS region of Scrippsiella species
(Montresor et al. 2003). The corresponding GenBank acces-
sion numbers for these species are listed in the supplementary
materials. Depending on the study, the I'TS regions were PCR-
amplified from either individual cells or single-cell
isolates and then subcloned and sequenced. Sequence differ-
ences among the PCR clones from each isolate were then used
to estimate within-genome genetic distances. The PCR-ampli-
fication, cloning, and sequencing procedures used in these
studies, as well as information on the culture conditions, are
given in Litaker et al. (2003) and Montresor et al. (2003).

Sampling to assess intergenomic genetic distances. Here the
term intergenomic will only be used to refer to ITS region
copies obtained from different individuals of the same spe-
cies and not to those obtained from different species. Inter-
genomic distances were calculated separately for ITS1, 5.8S
and ITS2, as well as for the combined ITS region. For these
analyses, I'TS region copies belonging to individuals of 35
different species were assembled from GenBank. Sequences
were included only if they originated from independent single-
cell isolates of the same putative species. It should be noted
that the species designations assigned to some sequences are
likely incorrect, with the same sequences being attributed to
more than one species. In these cases, the sequences were
combined in the same analysis, and the ambiguous sequence
assignments noted. The references used to define the genus
and species identities in this study, including cryptic or re-
cently recognized species, were as follows: (1) Alexandrium
tamarense (Lebour) Balech and variants (Adachi et al. 1996,
Sako 1999); (2) Dinophysis norvegica Ehrenb. and the combina-
tion of D. accuminata Claparede et Lachmann/dens Pavillard/
parvillardii Schroder and sacculus F. Stein as conspecific, with
D. acuta Ehrenb. being difficult to delineate (Zingone et al.
1998, Giacobbe et al. 2000, Marin et al. 2001, Edvardsen et al.
2003); (3) split of Karenia/Karlodinium (Daugbjerg et al. 2000);
(4) Ostreopsis ovata Fukuyo variants (Pin et al. 2001); and (5)
the cryptic Scrippsiella species (D’Onofrio et al. 1999, Mont-
resor et al. 2003). The specific GenBank numbers used in the
analysis are listed in the supplementary materials. The com-
bination of intergenomic and within-genome variation will be
referred to as “within-species” variation.

Sampling to assess between-species ITS region genetic distances.
The ITS region sequence data from 81 species belonging to
14 separate genera were obtained from GenBank. Sequence
divergence between species belonging to different genera
was extensive for the ITS region and resulted in too much
ambiguity in the alignments for reliable comparisons to be
made. Intraspecific genetic distances were therefore estimat-
ed from ITS region alignments of the species within each
individual genus. In cases where multiple ITS region se-

quences were available for a given species, the most frequent-
ly observed sequence was chosen to represent that species.
This selection process was adopted after all the sequences for
several species in two genera were compared in sequential
analyses and determined to produce nearly identical genetic
distance estimates. Intergenomic distances were calculated
separately for I'TS1, 5.8S, and ITS2, as well as for the com-
bined ITS1/5.8S/ITS2 region, as described previously. The
GenBank sequences used to estimate the between-species
genetic distances are listed in the supplementary material.

Estimating the boundaries between the 5.8S gene and flanking
ITS regions. To calculate differences in divergence estimates
between ITSI, the 5.8S gene, and ITS2, it was necessary to
delineate a consistent boundary between the 5.8S gene and
the flanking ITS regions. In this study, the 5.8S gene bound-
aries were defined using Nazar’s (1984) 5.8S alignment data
for an evolutionarily diverse array of organisms and the nu-
clease S1 mapping of the Prorocentrum minimum 5.8S RNA
(Maroteaux et al. 1985). Using these data, the 5’ boundary of
the 5.8S gene is defined as 5'-ACA(A/g/t)(C/T/g)(a/g/T)T(g/T)
C(A/g)G(C/T)(a/G)(A/g)(C/T)(c/G)(a/G)AT-3’, and the corre-
sponding 3’ boundary as 5'-G(A/g)(A/c/G)(A/g)(a/c/G)(C/T)
(A/g)(c/g/T)(a/g/T) (C/T)(@/C/T)(c/T)(a/G/t)C(c/g/T)T(C/t)(A/c/g)
G(a/T)G(C/T)(C/T)(a/c/T)(Alc/g/t)(A/C/G/T)-3’. Nucleotides with-
in parentheses represent each of the bases observed at that
particular position in the alignment. Bases not in parentheses
represent nucleotide positions conserved among all species.
Nucleotides shown in lowercase indicate that the particular
base was rarely observed at that position. For example, the
designation (A/c/g) indicates that most of the aligned se-
quences contained an A at that nucleotide position, with only
a relatively few having either C or G.

RESULTS

Within-genome variation. Sequencing of multiple
I'TS region copies from individual genomes revealed
that the number of observed polymorphic sites ran-
ged between 2 and 27 per genome depending on the
species (Fig. 1). These polymorphisms were distrib-
uted among different alleles, and each variant gen-
erally differed from all other alleles by only a few bp.
Most of the observed polymorphisms were simple
nucleotide substitutions with few insertion/deletion
events. Approximately 75% of these intragenomic
mutations were transitions. A majority of the poly-
morphic sites occurred in the ITS1 and I'TS2 regions,
with fewer polymorphic sites observed in the 5.8S
gene sequence (Figs. 1 and 2).

To obtain a preliminary understanding of the abun-
dance of variant I'TS region alleles and their distribu-
tion among genomes of the same species, multiple I'TS
region copies were sequenced from two isolates of
Pseudopfiesteria shumwayae and four isolates of Pf. piscicida.
In each species, there was a common ITS region se-
quence recovered from a majority of the DNA clones.
Each genome also exhibited a number of less-frequent
variant copies (Fig. 2). Some of these variants were ob-
served from more than one isolate of the same species.

Intergenomic genetic distances. The intergenomic I'TS
region genetic distances measured between individuals
belonging to the same species varied between 0 and
0.0206 substitutions per site and were similar to the
intragenomic variation, which ranged from 0 to 0.0170
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Fic. 1. Within-genome variation of I'TS region copies from 10 representative dinoflagellate species. The numbers in parentheses
indicate the number of copies sequenced. Nucleotide pairs indicate multiple nucleotides (nucleotide polymorphisms) were found at that
site in the various copies sequenced. The abbreviation “Ins” followed by a nucleotide indicates a single base pair insertion at that point in
the sequence. The species are arranged in order of increasing size of the combined ITS1/5.85/ITS2 regions to illustrate the variation in
the length of the ITS1 and ITS2 regions observed in representative dinoflagellate species. Cryptoperidiniopsis brody: was recently described
(Steidinger et al. 2006), and the data presented for this species were derived from isolates H and V14.

substitutions per site (Table 1). The corresponding in-
tergenomic p values calculated for just the I'TS1 region
ranged from 0 to 0.0153, and from 0 to 0.0207 for
ITS2. These ITS distances were significantly higher
than could be accounted for by the known incorpor-
ation error rates of either the Tug (~5 x 10~ * errors
per bp) or Platinum 7ag High Fidelity (~5 x 10~ ° er-
rors per bp) DNA polymerases used in these studies
(Tindall and Kunkel 1988, Cariello et al. 1991).
Between-species genetic distances. The ITS region p
values between species in the same genera ranged
from 0.042 to 0.580. The lowest of these between-
species genetic distances was higher than any p values
observed within a species (p<0.0206; Fig. 3A). Be-
tween-species p values calculated using only aligned
ITS1 regions ranged from 0.0303 to 0.734 and slight-
ly overlapped the highest observed within-species
range of 0-0.0344 (Fig. 3B, Table 1). This overlap
was caused by the high variation among ITS region
sequences within A. ocellatum and the relatively high
similarity observed in ITS1 for the species pair Sy-
mbiodinium pilosum Trench et Blank and S. muscatine:
LaJeunesse et Trench. The remaining between-

species ITS1 genetic distances were consistently
higher (p = 0.0550-0.734) than those observed with-
in a species (Fig. 3B; Table 1).

The between-species genetic distances calculated
for alignments of the I'TS2 region alone (p =0.0210-
0.732) were comparable to those observed for the
ITSI region. The between-species variation was gen-
erally much higher than the corresponding within-
species variation, with the exception of the similarity
between the ITS2 sequence of a single species pair,
Scrippsiella rotunda . Lewis and S. operosa (Deflandre)
Montresor (Fig. 3D). All other interspecific I'TS2
genetic distances exceeded p=0.0354 substitutions
per site, with most having p values >0.0706 (Table 1).

The between-species genetic distances in the 5.8S
region were generally lower between species than dis-
tances observed in the corresponding ITS1 and I'TS2
regions (Fig. 3C). These lower genetic distances result-
ed in a much greater degree of overlap in the distances
within and between species. For a majority of species,
the mean p value between species within genera was
substantially higher than that observed within a single
species (Fig. 3C).
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F1G. 2. Intragenomic nucleotide variation in the I'TS region of two dinoflagellate species based on multiple single-cell isolates. This
analysis was undertaken to obtain a preliminary estimate of the abundance of variant I'TS1/5.85/ITS2 copies distributed among genomes
of the same species. Five different nucleotide sequences (Forms A-E) were obtained in the four Pfiesteria piscicida genomes examined.
Form A was the most frequent across all four genomes, representing 24 of the 33 clones sequenced. The next most abundant form, Form
B, was found in two of the four genomes. The remaining three forms were unique to only one genome. Eight different copies (Forms A—
H) were observed in two Pseudopfiesteria shumwayae genomes. Form A was dominant, accounting for 14 of the 24 total sequences. Variant
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DISCUSSION

Recognizing putative dinoflagellate species using ITS
region genetic distances. The primary objective of this
study was to evaluate whether uncorrected genetic
distances (p) between ITS region rDNA sequences
would correlate with species boundaries that were
based on morphological criteria. The hypothesis was
that if I'TS region divergences between species were
consistently high relative to the variation observed
within species, then genetic distances could be used
to recognize putative species. These putative species
could in turn serve as a basis for formal taxonomic
evaluation or for testable hypotheses concerning the
diversity, distribution, and toxicity of certain dino-
flagellates. Results from 81 species in 14 genera
showed that between-species p values varied from
0.042 to 0.580 substitutions per site, and that most
distances between species exceeded 0.08. In contrast,
the intraspecific genetic distances calculated for 35
species were uniformly lower, ranging from 0 to
0.0206 (Figs. 1-2; Table 1). Based on these data,
ITS region distances >0.04 are indicative of
species-level divergences.

While not observed in this study, the possibility ex-
ists that rates of evolution may be significantly higher
or lower in certain genera. This implies that in some
cases, the p value used to recognize species may have to
be recalculated. The current I'TS region data suggested
that appropriate p values for recognizing species in
these genera could be established by determining the
average within- and between-species variation. In in-
stances where accelerated rates of evolution have oc-
curred, the p>0.04 threshold would likely still hold,
provided the within-species divergences remained in
the range observed in this study (Table 1).

Circumstances where divergences are low due to
slower rates of evolution, or due to recent speciation,
would prove more difficult to resolve. In these instan-
ces, p values between species would likely be <0.04.
For example, D. acuta and D. acuminata exhibit similar
morphologies and can vary greatly in size, making it
difficult to identify them (Giacobbe et al. 2000, Marin
et al. 2001, Edvardsen et al. 2003). The existing mor-
phological and molecular data for these two species are
contradictory. The ITS region p value <0.04 indicates
they are the same species. In contrast, slight morpho-
logical differences and the available SSU data indicate
that they are different species. The LSU data are in-
conclusive (Edvardsen et al. 2003). Taken together,
these data indicate that D. acuta and D. acuminata are
two recently diverged species that cannot be identified
using I'TS data alone.

The genus where divergence rates are likely to be
most problematic for calculating p-value thresholds is
Symbiodinium. Symbiodinium species are morphologically
indistinct and demonstrate a remarkable ability to
form symbiotic relationships with numerous host spe-
cies, including cnidarians, mollusks, flatworms, and
protozoa. Formation of new symbiotic relationships

in many cases confers genetic isolation, as well as a
suite of unique selection pressures depending on the
environmental conditions within the host’s habitat.
There is evidence that this isolation gives rise to new
species with I'TS genetic divergences <0.04 (van Op-
pen et al. 2001, LaJeunesse et al. 2003, 2004). Similar
diversification is less likely for free-living species, which
are not generally subject to selective forces that would
confer the same degree of genetic isolation.

An alternative method for resolving species identi-
fication in cases where there are small genetic distances
is to sequence other genes as independent tests. Good
candidate genes include the SSU and LSU genes that
flank the ITS regions. These genes can be PCR-
amplified and sequenced in conjunction with the I'TS
region and contain variable domains that are phyloge-
netically informative (Scholin etal. 1995, Litaker
et al. 1999, Jorgensen et al. 2004, Ordas et al. 2004,
Saldarriaga et al. 2004). Alternatively, phylogenetic
analyses based on single copy genes, chloroplast, or
mitochondrial genes that typically exhibit less intrage-
nomic variation could be used to resolve I'TS ambigu-
ities (Zhang et al. 2000, Zhang and Lin 2002). In order
to support species-level differences, these phylogenetic
analyses would have to demonstrate the putative spe-
cies as being monophyletic.

Interpreting the results of shotgun cloning studies. The
results of this study have implications for how small
bp changes among rDNA sequences derived from
shotgun cloning studies are interpreted. In shotgun
cloning studies, DNA from environmental samples is
extracted, PCR-amplified with conserved primers,
cloned, and sequenced to assess community diversity
(Venter et al. 2004). Most commonly, TDNA regions
are the target sequence (Rappe et al. 2000, Suzuki
et al. 2001, Moreira and Lopez-Garcia 2002). The
result is numerous sequences with varying degrees of
similarity, depending upon the diversity of organisms
present in the samples. In the case of I'TS sequences,
as well as other rDNA regions, dominant and variant
rDNA copies will be randomly sequenced. If the ge-
netic distance used for distinguishing potential spe-
cies is set too low, many of the variant rDNA copies
may be incorrectly interpreted as distinct species.
Conversely, if the criterion is set too high, the actual
number of species will be underestimated.

Potential complications posed by pseudogenes. The ex-
istence of rDNA pseudogenes must also be considered
when evaluating rDNA sequence variation. A pseudo-
gene is a remnant copy of a once-functional gene that
has accumulated sufficient mutations to render it non-
functional. The existence of pseudogenes is well known
for dinoflagellates (Scholin et al. 1993, Santos et al.
2003). If these pseudogenes have diverged sufficiently,
they could be incorrectly interpreted as sequences from
a different species. Pseudogenes can often be identified
by mutations in conserved coding regions (Scholin
et al. 1993, Scholin and Anderson 1994) or by signifi-
cant deletions, insertions, or structural rearrangements
in the gene sequence.
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ITS1, 5.85, and ITS2 combined
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Fic. 3. Plot of the mean, maximum, and minimum substitutions per site calculated for ITS copies from the same genome (A), among
individual ITS copies from different individuals belonging to the same species (@), and among species belonging to the same genus (©).
The sequences for each group analyzed were aligned, and substitutions per site were estimated for the individual I'TS1, 5.8S, and I'TS2
regions as well as for combined ITS region sequences. The error bars indicate the maximum and minimum substitutions per site
measured. In instances where all the sequences were identical, the substitutions per site were listed as 0. Each of the 0 values was
arbitrarily plotted on the log scale for the x-axis as 0.0001 substitutions per site. The sequences used in calculating the various genetic

distances are listed in the supplementary material.
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TasLE 2. Examples from five genera demonstrating inconsistencies between-species identification based on morphology and

on ITS sequences.

GenBank GenBank
Species accession number Species accession number
Alexandrium Dinophysis grouping continued
Alexandrium lusitanicum 181NT AY455825 Dinophysis sacculus from France, Urbino Lagoon — AY040581
Alexandrium lusitanicum AY455826 Dinophysis sacculus from France, Bay of Toulon AY 040582
Alexandrivm minutum AJ318460 Dinophysis sacculus from France, Urbino Lagoon  AY040583
Dinophysis sacculus AJ012007
Alexandrium tamarense strain WKS-1 AB006991 Dinophysis sacculus from Spain AJ304807
Alexandrium tamarense AJ005047
Alexandrium tamarense isolate CCMP1493 AJ005048 Gymnodinium
Alexandrium catenella AY347308 Gymnodinium linucheae AF333509
Alexandrium catenella isolate 4 AJ298900 Symbiodinium sp. clade A AF427465
Alexandrium catanella strain MI7 AB006990 Symbiodinium isolate 47-5i AY074984
Symbiodinium isolate 47-5iii AY 074985
Alexandrium fundyense AJ005049
Alexandrium tamarense B strain FK-788 AB006994 Gymnodinium sp. zhao08 AJ534384
Alexandrium tamarense A strain FK-788 AB006993 Gymnodinium sp. zhao 01 AJ534385
Alexandrium tamarense isolate AT-A AF374224 Symbiodinium sp. G15 AY160123
Alexandrium tamarense isolate AT-B AF374225
Alexandrium tamarense isolate AT-10 AF374226
Alexandrium tamarense isolate AT-2 AF374227 Heterocapsa
Alexandrium tamarense isolate AT-6 AF374228 Heterocapsa pygmaea CCMP1490 AB084094
Heterocapsa triquetra CCMP 448 AF352363
Dinophysis Heterocapsa triquetra CCMP 448 AF352364
Dinophysis acuminata from Spain AJ272119 Heterocapsa pygmaea CCMP 1322 AB084093
Dinophysis acuminata isolate DacmF4-9 AJ506986
Dinophysis acuminata from Australia AY 040573 Heterocapsa triquetra isolate NIES 7 AB084101
Dinophysis acuminata from United Kingdom AY040574 Heterocapsa triquetra strain HT-1 AF208249
Dinophysis acuminata from France AY040575 Heterocapsa triquetra CCMP448 AF527816
Dinophysis acuminata from France AY040576
Dinophysis acuminata from France AY040579 Heterocapsa sp. FK6-D47 AB084097
Dinophysis acuminata from France AY 040577 Heterocapsa sp. NIES614 AB084099
Dinophysis acuminata from France AY040578
Dinophysis dens from Portugal AY 040571
Dinophysts dens from France AY 040572 Ostreopsis
Dinophysts pavillardii AJ404000 Ostreopsis cf. siamensis CNR-B4 AJ301643
Dinophysis sacculus from France, Urbino Lagoon  AY040580 Ostreopsis sp. CSIC-Db AJ312944

Groupings in the table indicate that all members of the group have identical or nearly identical sequences that are consistent with
the observed within-species variation, even though one or more members of the group had been identified morphologically as a

different species or strain.

DNA barcoding of dinoflagellate species. In 2004 a
consortium of major natural history museums and
herbaria launched the “Barcode of Life Initiative.”
The goal of this project was to encourage an “emerg-
ing collaborative effort to promote a process enabling
the rapid low cost identification of the estimated 10
million species of Earth’s fauna and flora” (Biological
Conservation Newsletter 2004). The feasibility of us-
ing a barcoding system has been validated using an
approximately 700bp region of the mitochondrial
cytochrome ¢ oxidase subunit I (COI) gene (Hebert
et al. 2003, 2004, Hogg and Hebert 2004). Takabay-
ashi et al. (2004) recently completed a COI-based
phylogeny for the major Symbiodinium groups that
was congruent with those inferred from chloroplast
LSU and nuclear ribosomal genes. Data on additional
COI sequences, however, suggest that COI genes
may prove problematic for identification of some di-
noflagellate species due to complex structure and
that cytochrome b (COB) may be a better choice (S. J.
Lin, personal communication). The data presented
here indicate that the dominant I'TS copy in each di-
noflagellate species could serve as an additional locus

to COI or COB genes for DNA barcoding of dino-
flagellate species. The advantage of using I'TS region
sequences is that this region has been sequenced ex-
tensively in dinoflagellates relative to COL.
Regardless of whether the I'TS region, COI gene, or
other sequences are selected, uniform criteria should
be established to molecularly identify dinoflagellates
and other algal species. We propose that I'TS region
sequences obtained from free-living dinoflagellates
varying by p>0.04 be used in helping to identify spe-
cies. In genetically diverse assemblages this would allow
identification of most species, including the potentially
cryptic Scrippsiella species described by Montresor et al.
(2003) (Fig. 3A). Inclusion of ITS or other identifying
sequence data when strains or species are described in
the literature, or deposited in culture collections, would
facilitate the development of a functional dinoflagellate
identification data base. This data base would allow re-
searchers to rapidly and cost effectively check the taxo-
nomic status of isolates before undertaking critical
physiological, biochemical, or ecological studies. The
ITS-based identification could also help ensure the
long-term integrity of culture collections, make taxo-
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nomic reassignments easier to track, and allow investi-
gators to rapidly confirm whether a given isolate or in-
dividual cell type has been previously observed.
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