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1. Introduction

Dinoflagellates are a diverse and important group of aquatic
microalgae. One species, Pfiesteria piscicida Steidinger and Bur-
kholder, has received a great deal of attention due to its potential
association with large fish kills and neurotoxicosis in humans
(Burkholder and Glasgow, 1997; Marshall et al., 2000; Moeller
et al., 2001; Gordon et al., 2003; Burkholder et al., 2005; Gordon
and Dyer, 2005; Moeller et al., 2007). Because of the ecological and
economic losses associated with toxins from at least some strains
of Pfiesteria, extensive environmental sampling has been con-
ducted toward understanding the distribution and diversity of
this harmful alga. As a result, other Pfiesteria-like dinoflagellates
have been discovered and described on the basis of both morpho-
logical and molecular characters. For example, recently described
relatives of Pfiesteria include Stockeria algicida (Jeong et al., 2005),
Cryptoperidiniopsis brodyi (Steidinger et al., 2006), Luciella masa-

nensis, and Luciella atlantis (Mason et al., 2007). Additionally,
several other Pfiesteria-like dinoflagellates are known, but remain
to be formally described (e.g., Burkholder and Glasgow, 1997;
Litaker et al., 1999; Seaborn et al., 2006). Phylogenetic studies of
Pfiesteria, Cryptoperidiniopsis, Luciella and other (undescribed)
Pfiesteria-like dinoflagellates indicate that they form a mono-
phyletic group within the order Peridiniales and are closely related
to calcareous dinoflagellates such as Thoracosphaera (see Marshall
et al., 2006 for discussion). Here, we refer to Pfiesteria, Cryptoper-

idiniopsis, Luciella, and other undescribed relatives of Pfiesteria

collectively as ‘‘Pfiesteria-like dinoflagellates,’’ or PLDs, for short.
The genetic identification and phylogenetics of PLDs commonly

utilize the genes and spacers of the ribosomal RNA (rRNA) operon.
In eukaryotes, this operon occurs as tandem repeats in the nuclear
genome, each possessing three coding regions (i.e., the 18S-, 5.8S-,
and 28S-rDNAs) and three non-coding spacers (Hillis and Dixon,
1991). These spacers, the external transcribed spacer (ETS) and the
internal transcribed spacers 1 (ITS1) and 2 (ITS2), are transcribed
with the coding regions as a single precursor rRNA (pre-rRNA)
molecule. At higher taxonomic levels, the primary DNA sequence
and length of the ITSs are typically highly variable (Coleman, 2003,
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A B S T R A C T

Pfiesteria piscicida is a harmful bloom-forming alga that has received a great deal of attention due to its

potential association with large fish kills and neurological problems in humans. Since the discovery of

Pfiesteria, several other Pfiesteria-like dinoflagellates (PLDs) have also been identified. Genetic

identification and phylogenetic relationships among the PLDs commonly utilize sequence data from

the genes and spacers of the ribosomal DNA (rDNA) operon. Of these, the internal transcribed spacers

(ITSs) have been previously shown to fold into secondary structures that are critical for proper ribosomal

processing. In this study, we modeled the secondary structure of the second internal transcribed spacer

(ITS2) from 16 PLDs (as well as an outgroup taxon) using phylogenetic comparative methods and

minimum free energy. The secondary structural models predicted for these dinoflagellates consisted of

four paired helices separated by five unpaired regions, consistent with those reported from many

eukaryotes. All of the structures were highly stable (DG = �66.1 to �122.3 kcal�mol at 37 8C) and several

structural characters were found to be conserved either across the PLDs or were specific to monophyletic

subgroups, strengthening previously inferred phylogenetic relationships among taxa. Additionally, an

18 bp motif was identified in the PLDs whose position corresponds to a ribosomal processing site

described from other eukaryotes. Potential applications of these ITS2 secondary structures include utility

in strain and species identification, phylogenetic inference and serving as a tool for identifying and

excluding rDNA pseudogenes when assessing biodiversity within the PLDs.
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2007). However, these characteristics have proven useful for
species differentiation (e.g., Furlong and Maden, 1983; Connell,
2001; Lu et al., 2002; Luo and Mitchell, 2002; Noge et al., 2005) as
well as for inferring phylogenetic relationships (e.g., Baldwin,
1992; Mai and Coleman, 1997; Coleman and Mai, 1997; Weekers
et al., 2001; Coleman and Vacquier, 2002) in many groups of
closely related taxa.

Although their primary DNA sequence and length are poorly
conserved across broad taxonomic groups, the secondary struc-
tures of the ITSs possess features that are ubiquitous in virtually all
eukaryotes (Coleman, 2003; Schultz et al., 2005; Coleman, 2007).
For instance, secondary structural analyses of ITS2 from diverse
eukaryotes (e.g., Michot et al., 1999; Mai and Coleman, 1997;
Joseph et al., 1999; Goertzen et al., 2003; Chen et al., 2004) have
revealed that the molecule generally folds into four double-
stranded regions (termed helices or hairpins) separated by single-
stranded regions. The importance of this secondary structure has
been demonstrated in Drosophila, rodents, and yeast (Sacchar-

omyces cerevisiae) (van der Sande et al., 1992; Schlötterer et al.,
1994; van Nues et al., 1995; Good et al., 1997); in the case of yeast,
nucleotide deletions that disrupt ITS2 secondary structure
significantly decrease the production of ribosomal subunits and
overall growth rates (van Nues et al., 1995). Thus, although ITS2
has previously been considered ‘‘junk DNA,’’ its structural
characteristics are a vital component in the maturation of the
rRNA subunits and overall function of the cell.

Previously, Gottschling and Plötner (2004) presented second-
ary structural models for the ITS regions of several dinoflagellate
taxa, including P. piscicida. Overall, the ITS2 secondary structure of
the examined dinoflagellates was similar to that described from
other eukaryotes. However, the presence of an additional helix,
termed subhelix IIIa, was identified in a member of the symbiotic
dinoflagellate genus Symbiodinium (Gottschling and Plötner,
2004). To investigate whether this structural difference was
consistent across Symbiodinium, Hunter et al. (2007) generated
ITS2 models for all eight clades of these dinoflagellates. It was
found that ITS2 in Symbiodinium clades A, D, E and G folds into the
general four-helix conformation while the five-helix conforma-
tion reported by Gottschling and Plötner (2004) is an apomorphy
of a monophyletic group consisting of clades B, C, F, and H. Other
conserved features, including a processing site corresponding to
one previously known from other taxa (see Wesson, 1992 for
discussion), were also identified (Hunter et al., 2007). Thus, rRNA

secondary structural models can prove useful for understanding
the molecular evolution of this region, as an aid in the design of
nucleic acid probes for in situ hybridization, and/or as a tool for
identifying and excluding rDNA pseudogenes in diversity assess-
ments (Thornhill et al., 2007). While such analyses could also
prove useful in studies of PLDs, ITS2 structural models are a
prerequisite for such work. In this study, we modeled the
structural features of the ITS2 region from 16 PLDs isolates as
well as an outgroup species, Karlodinium micrum Leadbeater
and Dodge. Along with furthering knowledge on the biology of
these dinoflagellates, we feel that the ITS2 secondary structures
presented here have utility in strain and species identification,
estimates of biodiversity, and strengthen previously inferred
phylogenetic relationships among the PLDs.

2. Materials and methods

2.1. ITS2 sequences from the PLDs

The ITS2 sequences used in this study were acquired from
GenBank and are listed in Table 1. These sequences were generated
either by direct sequencing of PCR products obtained from clonal
cultures (Litaker et al., 2003, 2005; Litaker et al. unpublished data;
Steidinger et al., 2006; Mason et al., 2007) or via bacterial cloning
(Litaker et al., 2005). Average GC content for each sequence and
pairwise distances between all sequences were calculated using
PAUP* v4.0 b10 (Swofford, 2002).

2.2. Determination of ITS2 secondary structure from the PLDs

Structural determination for the selected sequences was
initially done by comparing each to the ITS2 secondary structure
of P. pisicida as predicted by Gottschling and Plötner (2004),
utilizing the phylogenetic comparative method described by Mai
and Coleman (1997). Specifically, sequences were first aligned to
the ITS2 sequence of P. pisicida utilized by Gottschling and Plötner
(2004). Spans of nucleotides from the examined sequences were
then selected, using the P. pisicida ITS2 structure as a guide, and
folded using MFOLD v3.2 (Mathews et al., 1999; Zuker, 2003)
under the default settings. Resulting helices were compared to
each other to identify common structural characteristics and/
or potentially misfolded regions. Once the conformation of
each individual helix was determined, the entire ITS2 secondary

Table 1
Secondary structural characteristics of the proposed Pfiesteria-like dinoflagellate (PLDs) ITS2 models.

Species, isolate, culture #, and/or ribotype GenBank accession # ITS2 length a Ia b IIa c IIIa d IVa e DGb GC (%)

Pfiesteria piscicida AF352333 244 10 21 + 4(3) 7 16 + 3(2) 10 30 + 4(6) 15 9 + 4(0) 4 �97.6 63.11

Pfiesteria shumwayae VIMS 1049 AY245694 324 11 18 + 4(2) 7 43 + 3(8) 9 31 + 5(6) 20 8 + 5(0) 4 �122.3 58.02

Pfiesteria-like sp. F525Jul02 AY590480 237 11 19 + 5(2) 7 20 + 4(3) 9 30 + 4(4) 15 5 + 3(0) 4 �86.8 49.37

Pfiesteria-like sp. HR1NovC5 AY590482 249 11 21 + 6(4) 7 17 + 4(2) 9 30 + 6(5) 13 10 + 4(1) 3 �97.1 54.62

Luciella masanensis ribotype 1 AY590485 305 11 21 + 7(3) 8 18 + 4(2) 3 36 + 6(7) 9 24 + 4(4) 6 �115.3 53.11

Luciella masanensis ribotype 2 AY245689 245 11 19 + 4(4) 7 18 + 4(2) 9 31 + 4(6) 13 9 + 4(1) 3 �88.0 53.06

Luciella masanensis ribotype 4 AY590483 246 11 19 + 4(2) 7 19 + 4(2) 10 28 + 4(4) 17 8 + 4(1) 4 �86.9 55.28

Luciella masanensis ribotype 3 AY590477 265 11 21 + 4(3) 7 23 + 5(2) 9 30 + 4(5) 18 8 + 4(1) 3 �90.6 48.62

Luciella atlantis AY590478 259 11 21 + 4(4) 7 22 + 2(5) 9 29 + 4(4) 18 9 + 4(1) 3 �109.5 62.16

Cryptoperidiniopsis brodyi CCMP 1828 AY590476 248 11 21 + 3(3) 7 21 + 5(2) 9 30 + 4(5) 14 5 + 5(0) 4 �90.3 50.00

Cryptoperidiniopsis brodyi V14 AY245690 297 11 20 + 5(3) 7 21 + 4(2) 12 26 + 6(4) 24 25 + 4(4) 4 �106.7 52.19

Cryptoperidiniopsis sp. Folly C5 AY590481 257 11 19 + 3(3) 9 20 + 4(3) 11 30 + 6(6) 8 10 + 6(1) 4 �87.1 53.70

Cryptoperidiniopsis sp. A5 AF352355 252 11 19 + 5(4) 7 19 + 4(1) 9 31 + 4(6) 20 6 + 6(0) 4 �89.2 53.97

Cryptoperidiniopsis sp. NOAA Beach AY590486 309 11 20 + 5(4) 7 34 + 4(6) 11 26 + 4(5) 25 6 + 6(0) 4 �116.9 60.19

‘‘Shepard’s Crook’’ AY590479 197 11 14 + 4(2) 7 14 + 3(1) 9 30 + 3(5) 7 5 + 3(0) 5 �66.1 44.67

‘‘Shepard’s Crook’’ AY590484 197 8 16 + 4(2) 2 16 + 5(2) 1 29 + 3(6) 0 7 + 4(1) 4 �73.3 46.70

Karlodinium micrum AF352367 218 8 21 + 4(3) 3 14 + 6(1) 8 24 + 4(5) 9 7 + 6(0) 5 �78.1 49.54

a X + Y(Z) where X is the length of the helix in paired bases, Y is the number of unpaired bases at the apex (i.e., loop) of the helix, and Z is the number of unpaired regions in

the helix.
b DG = kcal�mol at 37 8C.
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structure of that isolate was assembled using RNAstructure v4.5
(Mathews et al., 2004) and visualized using loopDloop v1.2a64
(Gilbert, 1992). The free energy (DG = kcal�mol at 37 8C) of each
structure was calculated using RNAstructure v4.5.

3. Results

3.1. General primary sequence characteristics of ITS2 in the PLDs

The examined ITS2 sequences varied in length from 197 to 324
nucleotides (nt) (Litaker et al., 2003, 2005; Litaker et al. unpublished
data; Steidinger et al., 2006; Mason et al., 2007; Table 1). Our start
and end positions of ITS2 were chosen based on the sequence
alignment and structural model of P. piscicida ITS2 proposed by
Gottschling and Plötner (2004). Thus, the sizes reported for some
sequences in this study are slightly different from their annota-
tions in GenBank. It should be noted that this has no effect on the
predicted secondary structures as the endpoints occur in unpaired
regions (i.e., a and e, explained below). Average GC content and
pairwise distances of the 17 sequences used here were 53% and
0.39 uncorrected (i.e., p) distances, respectively. Exclusion of the
outgroup taxon, K. micrum, only slightly reduced the average
pairwise distance to 0.37 p, suggesting this outgroup is not highly
divergent from the PLDs examined here. These PLD ITS2 lengths and
GC contents fall within the range of values previously reported for
other dinoflagellates (Gottschling and Plötner, 2004; Hunter et al.,
2007; Thornhill et al., 2007).

3.2. Secondary structural characteristics of ITS2 in the PLDs

Following the nomenclature of Gottschling and Plötner (2004),
the secondary structural models predicted in this study possess
four paired regions, or helices (designated I–IV), separated by
single-stranded regions (designated a–e) (Fig. 1). Only these four
helices were recovered in all cases. Each terminated in an apical
loop of three or more unpaired nt while I–III were characterized by
at least one unpaired region, such as a mismatch (two opposing
unpaired nucleotides), an internal loop (multiple opposing
unpaired nucleotides), or a bulge (one or more adjacent unpaired
nucleotides) in a helix.

Although the general secondary structure of ITS2 was well
conserved across the 17 taxa, variation was observed between
models. For instance, helix lengths (in paired bases, bp) ranged in
size from 14 to 43 bp for helix II to 5–25 bp for helix IV (Table 1). In
general, helix III was the longest while helix IV was the shortest
(Table 1). Exceptions to this were noted for some isolates, where

apparent insertions increased the overall length of that helix.
Examples include helix II of Pfiesteria shumwayae (AY245694) and
Cryptoperidiniopsis sp. ribotype NOAA Beach (AY590486), which
were 43 and 34 bp, respectively. Length exceptions where also
noted for helix IV of C. brodyi ribotype V14 (AY245690) and L.

masanensis ribotype 1 (AY590485) (25 and 24 bp, respectively;
Table 1). Moreover, the number of unpaired regions (excluding
apical loops) varied within each helix (Table 1). The inter-helix core
regions were also of varying lengths (in unpaired nucleotides, nt;
region a: 8–11 nt; region b: 2–9 nt; region c: 1–12 nt; region d: 0–
25 nt; region e: 3–6 nt), and in some cases, completely or nearly
absent (e.g., ‘‘Shepard’s Crook’’ (AY590484); Table 1). In spite of
this variation, all of the proposed ITS2 secondary structures were
highly stable. Free energy values (DG) varied between �66.1 and
�122.3 kcal�mol at 37 8C (Table 1), similar to that of other
dinoflagellates (Gottschling and Plötner, 2004; Hunter et al., 2007).

Additionally, several conserved features were observed across
the ITS2 secondary structures. One such feature was a pyrimidine–
pyrimidine bulge in helix II (boxed in Supplementary Fig. S1),
which is considered as a hallmark of this helix since it is found in
most ITS2 structures (Coleman and Vacquier, 2002; Coleman,
2003, 2007). Pyrimidine-rich loop(s) were also observed within
helix III of all taxa. For most, these loops contained >50%
pyrimidine residues and were larger on the 50 (relative to the
30) side of the helix (Supplementary Fig. S1). This feature is also
apparent in the ITS2 secondary structures predicted for repre-
sentatives of the Calciodinelloideae, Thoracosphaeraceae, Hetero-
capsaceae and Symbiodinium (Gottschling and Plötner, 2004;
Hunter et al., 2007). Another identified feature of nearly all the
PLD ITS2 secondary structures was the presence of two adjacent
unpaired nucleotides near the 30 base of helix I. These nucleotides
were always pyrimidines and predominantly uracil residues;
however, three of five Luciella isolates possessed a cytosine at one
of these positions. Notably, this feature was absent from the two
‘‘Shepard’s Crook’’ isolates and K. micrum (O–Q of Supplementary
Fig. S1). Along with this, a loop near the base of helix IV was found
in the Luciella isolates, with the exception being L. masanensis

ribotype 1, which differs due to a nucleotide insertion producing
additional loops in that helix (Supplementary Fig. S1C). A region of
high nucleotide conservation, in the form of a nearly identical 18 nt
motif on the 30 side of helix II spanning alignment positions 182–
199 occurred in all 17 models. The consensus sequence of this
motif is 50-GCCUUUGACACAUUNAAG-30 and is 100% conserved at
seven positions, >80% conserved at six positions, and >60%
conserved at four positions (Fig. 2) across these PLDs.

Some of the sequences examined here contained nucleotide
ambiguities at particular positions. Specifically, ambiguities were
observed in C. brodyi ribotype V14 (AY245690), P. shumwayae

(AY245694), L. atlantis (AY590478), L. masanensis ribotype 1
(AY590485), L. masanensis ribotype 2 (AY245689), and L. masa-

nensis ribotype 3 (AY590477), and are shown in red in
Supplementary Fig. S1. We found that 15 of the 31 ambiguities
occurred in unpaired regions of the models, thus having no impact
on the predicted secondary structures. On the other hand, nine
ambiguities had the potential to alter structural features. However,
eight of these occurred in either single-stranded regions within
helices or directly adjacent to the base of a helix, which would
change the size of a loop or length of a helix by only 1 bp,
respectively. Lastly, seven ambiguities were identified as hemi-
compensatory base changes (CBCs), single base changes that
maintain stable hydrogen bonded pairs (e.g., G–C vs. G–U) within a
proposed helix.

In addition to the sequences used to construct the secondary
structural models presented here (Supplementary Fig. S1), multi-
ple ITS2 sequences were available on GenBank for six of the taxa

Fig. 1. Consensus secondary structure diagram for ITS2 of the PLDs used in this

study.
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examined in this study: Cryptoperidiniopsis sp. ribotype A5
(AF352356, AF352357, AF352358, AY245691), C. brodyi ribotype
V14 (AF352349, AF352350, AF352351), K. micrum (AF352365,
AF352366, AY245692), L. masanensis ribotype 2 (AF352346,
AF352347, AF352348), P. piscicida (AF352334, AF352335,
AF352336, AF352337, AY245693), and P. shumwayae (AF352338,
AF352339, AF352340, AF352341, AF352342, AF352343, AF352344,
AF352345). For each of these taxa, sequences were aligned and
differences among them examined to determine their effect on
ITS2 secondary structure and free energy values. Nucleotide
positions were found to vary among the sequences from a given
species or ribotype (a total of 12 positions across the six taxa). Of
these variable sites, seven occurred in unpaired regions and did
not affect the ITS2 secondary structure or calculated free energy.
Four sites represented hemi-CBCs that also did not affect the
proposed secondary structural models. Lastly, one nucleotide
difference among the L. masanensis ribotype 2 sequences was the
presence of a G vs. an A in stem III, at position 187. This leads to the
occurrence of a G–C bond for the three isolates in which a G is
present, whereas in the single isolate in which an A occurs leads
to the formation of a 1 bp loop. Since this polymorphism is
confined to a single sequence, it may represent sequencing error,
a pseudogene or naturally occurring, but rare, genetic variation
in this L. masanensis ribotype.

4. Discussion

The ITS2 secondary structures predicted here for the PLDs
consisted of four helices separated by single-stranded regions.
Thus, our models are consistent with the notion that ITS2
secondary structure is generally conserved throughout Eukarya
(see Section 1). Along with this, structural features shared by
particular clades of PLDs were also identified. For example, nearly
all PLDs possess two adjacent unpaired pyrimidines at the 30 base
of helix I. However, this feature was absent from both ‘‘Shepard’s
Crook’’ isolates (and the outgroup taxon K. micrum) examined here,
similar to secondary structures predicted for the Calciodinelloi-

deae, Thoracosphaeraceae, Heterocapsaceae and Symbiodinium

(Gottschling and Plötner, 2004; Hunter et al., 2007). Interestingly,
recent phylogenetic analyses suggest that the ‘‘Shepard’s Crook’’
isolates and S. algicida (Jeong et al., 2005) form a sister clade to one
including Pfiesteria, Luciella, and Cryptoperidiniopsis (Marshall et al.,
2006; Mason et al., 2007). The lack of the above feature in the
‘‘Shepard’s Crook’’ isolates supports their distinction from other
PLDs. Likewise, loop(s) of two or more unpaired nucleotides in
helix IV were noted in all Luciella sp., which is a structural
characteristic rarely observed in dinoflagellates outside of this
genus (Gottschling and Plötner, 2004; Hunter et al., 2007). On the
other hand, no obvious structural features appear to unite the
Cryptoperidiniopsis isolates. Gottschling and Plötner (2004)
reported that helix IV was extremely elongated in the cryptoper-
idiniopsoid isolate they examined, suggesting it might be a feature
of the genus. In contrast, we found this only to be the case for two
of the five cryptoperidiniopsoids examined in this study—
Cryptoperidiniopsis sp. ribotype Folly C5 (AY590481, Supplemen-
tary Fig. S1L) and C. brodyi ribotype V14 (AY245690, Supplemen-
tary Fig. S1K).

Other evolutionarily conserved features were identified from
our structural analyses of PLD ITS2 including a pyrimidine–
pyrimidine bulge in helix II and a conserved motif corresponding to
a previously described processing site. The pyrimidine–pyrimidine
bulge in helix II is a nearly universal feature of ITS2 secondary
structures and is thought to be important in processing of the
molecule due to its sequence and positional conservation (Mai and
Coleman, 1997; Coleman, 2003). Notably, in PLD ITS2 structures in
which this feature is absent, a single nucleotide bulge occurs in its
place and may be a vestige of this feature. We also identified a
region of high-nucleotide conservation (colored green in Supple-
mentary Fig. S1) in the same region of all the predicted ITS2
secondary structures. This 18 nt conserved motif, located between
78 and 95 nt or 169 and 186 nt from the 50 start of ITS2, is
consistent with a ribosomal processing site previously identified in
yeast (Veldman et al., 1981) and rats (Reddy et al., 1983) and
implicated to have a similar function in Xenopus (Hall and Maden,
1980), sea urchin (Hidenach and Stafford, 1984), flies (Tautz et al.,
1988; Wesson, 1992), and parasitic flatworms (Morgan and Blair,
1998). Thus, this conserved region likely serves as a processing site
in the PLDs as well. A conserved motif of 11 nt on the 30 side of helix
II has also been previously identified in Symbiodinium (Hunter
et al., 2007). Interestingly, the conserved motif in the PLDs shares
little to no homology with that of Symbiodinium or any of the
above-mentioned taxa. This further supports that positional
homology, rather than characteristics of the primary sequence
itself, are important for proper ITS processing and the biogenesis of
rRNA subunits (Joseph et al., 1999; Schultz et al., 2005).

Some of the sequences that we utilized possessed nucleotide
ambiguities, where >1 nt was identified as occurring in the same
position during sequencing. Because the rDNA operon occurs as a
series of tandem repeats (as many as 1200 estimated in
dinoflagellates; Galluzzi et al., 2004), ambiguities such as these
are typically due to intragenomic variability between copies of the
operon. Although ambiguities may be problematic in other
situations, these can prove useful in elucidating rRNA secondary
structures via the identification of CBCs and hemi-CBCs. CBCs are
corresponding mutational changes that occur at nucleotide
positions pairing in a double-stranded region. In contrast, hemi-
CBCs are single base changes that also continue to maintain stable
hydrogen bonding between pairs. In both cases, these types of
mutations do not disrupt the secondary structure and it has been
argued that they provide support for a proposed structural model
(Kimura, 1985; Gutell et al., 1994; Savill et al., 2001; Coleman,
2003). Of the sequence ambiguities we identified, the majority

Fig. 2. Alignment of the conserved 18 bp motif identified in helix II of the ITS2 across

the PLDs. *, �60% conserved; **, �80% conserved; *** = 100% conserved.
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(71%) had no effect on the secondary structure of the molecule
since they occurred in unpaired regions or were hemi-CBCs in
nature. For the few ambiguities that did alter secondary structural
characteristics, all but one only influenced the size of a loop
within a helix, or the total length of a helix, by a single base pair.
Thus, we feel that the non-random distribution of these ambigui-
ties provides additional support for the proposed ITS2 secondary
structures of the PLDs.

In addition to nucleotide ambiguities or variation within
the ITS2 sequences themselves, comparison of ITS2 sequences
from the same species, strain and/or ribotype revealed apparent
intraspecific variation among sequences. Of these, 11 of 12 (92%)
had no effect on the predicted secondary structural models. In
only one case did a difference affect secondary structure, that of
helix III of L. masanensis ribotype 2, resulting in the loss a G–C bond
and the formation of 1 bp loop. Taken together, we feel that the
non-random distribution of nucleotide variation observed among
sequences from the same species, strain and/or ribotype, along
with the nucleotide ambiguities within a single sequence dis-
cussed previously, provide strong support for the ITS2 secondary
structures proposed here.

Identification and systematics for dinoflagellates such as the
PLDs have traditionally relied on SEM examination of thecal plates
using the tabulation system developed by Kofoid (1909). This
procedure, however, is laborious, expensive, and time-consuming
(Steidinger et al., 1996; Truby, 1997). With the proliferation of
molecular techniques, nucleic acid (i.e., DNA) sequencing of
regions from the rDNA operon is now commonly utilized in this
pursuit. For the PLDs, phylogenies inferred by both morphological
and molecular data are generally well correlated (Litaker et al.,
1999; Taylor, 1999). Along with this, DNA sequencing is relatively
rapid and straightforward and has proven useful for distinguishing
morphologically similar and co-occurring species and/or strains of
PLDs (Litaker et al., 2003, 2007; Seaborn et al., 2006). Unfortu-
nately, given the multi-copy nature of the eukaryotic rDNA operon,
intragenomic variation has the potential to mislead an investi-
gator. For example, nonfunctional copies of ribosomal genes (i.e.,
pseudogenes) may be inadvertently assessed as ‘‘real’’ strain and/
or species diversity if care is not taken. In this case, structural
analysis has proven to be a powerful tool in identifying potential
ITS2 pseudogenes, particularly when bacterial cloning is utilized,
for exclusion from biodiversity estimates of dinoflagellates such as
Symbiodinium (Thornhill et al., 2007). Such a system can now be
extended to the PLDs with the models presented here. Presently,
we are designing a web-based software utility that predicts the
ITS2 secondary structure of dinoflagellates (including the PLDs)
by a combination of the phylogenetic comparative method
and minimum free energy (MFE; Mathews et al., 1999; Zuker,
2003). In the interim, we advise that novel PLD ITS2 sequences
whose secondary structures differ significantly from our models
should be interpreted cautiously and further screened as potential
pseudogenes.
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