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Abstract

Molecular approaches have revolutionized our ability to study the ecology and evolution
of micro-organisms. Among the most widely used genetic markers for these studies are genes
and spacers of the rDNA operon. However, the presence of intragenomic rDNA variation,
especially among eukaryotes, can potentially confound estimates of microbial diversity. To
test this hypothesis, bacterially cloned PCR products of the internal transcribed spacer
(ITS) region from clonal isolates of Symbiodinium, a large genus of dinoflagellates that live
in symbiosis with many marine protists and invertebrate metazoa, were sequenced and
analysed. We found widely differing levels of intragenomic sequence variation and diver-
gence in representatives of Symbiodinium clades A to E, with only a small number of variants
attributed to Taq polymerase/bacterial cloning error or PCR chimeras. Analyses of 5.8S-rDNA
and ITS2 secondary structure revealed that some variants possessed base substitutions and/
or indels that destabilized the folded form of these molecules; given the vital nature of
secondary structure to the function of these molecules, these likely represent pseudogenes.
When similar controls were applied to bacterially cloned ITS sequences from a recent
survey of Symbiodinium diversity in Hawaiian Porites spp., most variants (~87.5%) possessed
unstable secondary structures, had unprecedented mutations, and/or were PCR chimeras.
Thus, data obtained from sequencing of bacterially cloned rDNA genes can substantially
exaggerate the level of eukaryotic microbial diversity inferred from natural samples if
appropriate controls are not applied. These considerations must be taken into account when
interpreting sequence data generated by bacterial cloning of multicopy genes such as rDNA.
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Introduction

An accurate assessment of organismal diversity is central
to many ecological investigations. The proper recognition
and quantification of organisms in the environment is
essential to studies of biodiversity, trophic interactions,
population biology, community structure, and/or con-
servation biology. Historically, assessments of prokaryotic
and eukaryotic microbial diversity were hindered by their
small size, lack of diagnostic morphological features, and

difficulty or inability to be cultured (Hugenholtz & Pace 1996;
Pace 1997; Morris et al. 2002; Torsvik et al. 2002). However,
molecular approaches have circumvented these limitations
and revolutionized the study of microbial diversity, yielding
considerable insight into the ecology and evolution of
these organisms (Morris et al. 2002).

Investigations of microbial diversity in coral reef ecosystems
have often focused on one of its most important constituents.
The trophic foundations of coral reef ecosystems are based
on symbiotic associations between reef-building corals and
intracellular dinoflagellate symbionts in the genus Symbio-
dinium (Hoegh-Guldberg 1999), with these photosynthetic
inhabitants providing the coral host with up to 90% of its
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metabolic needs (Muscatine 1990). Since the early 1980s, a
variety of molecules and techniques have been used to
measure Symbiodinium diversity (reviewed in Baker 2003;
Coffroth & Santos 2005). Currently, eight divergent lineages,
or clades (designated A to H), have been recognized within
this genus (Pochon et al. 2006), with numerous subcladal
‘types’, distinguishable by their genetics, physiology, ecology,
and/or biogeography, found within most clades (reviewed
by Trench 1993; Coffroth & Santos 2005; Stat et al. 2006).

In the past few decades, thermal stress during episodes of
increased ocean temperatures has disrupted these important
symbiotic associations over large areas of reef habitat
(Hoegh-Guldberg 1999; Hughes et al. 2003). Because Symbio-
dinium is a genetically, physiologically, and ecologically
diverse group, considerable attention has been given to the
possibility that thermal acclimatization of corals may occur
via changes in their symbiont community (e.g. Buddemeier
& Fautin 1993; Baker et al. 2004; Rowan 2004; Berkelmans
& van Oppen 2006; Goulet 2006; Thornhill et al. 2006). An
accurate and precise characterization of Symbiodinium
diversity is therefore critical for understanding Symbiodinium
ecology, in particular, how ocean warming may effect change
in their associations with corals.

Broad taxonomic surveys of host-Symbiodinium pairings
indicate that a single, temporally persistent, symbiont
population usually dominates a host individual (Goulet 2006
and references within). In contrast, a recent investigation
using sequencing of bacterially cloned PCR products of the
internal transcribed spacer 2 (ITS2) suggests that single
host colonies, such as Hawaiian corals in the genus Porites,
may harbour substantial Symbiodinium diversity (Apprill
& Gates 2007) and that previously utilized techniques [i.e.
restriction fragment length polymorphism (RFLP), single-
strand conformation polymorphism (SSCP), denaturing
gradient gel electrophoresis (DGGE), fragment size analyses
of microsatellite loci and chloroplast 23S-rDNA, etc.] may
have significantly underestimated the diversity of symbiont
populations residing in host tissues (van Oppen & Gates 2006).
However, sequence variation among ribosomal genes is
common in eukaryotic genomes, despite the homogenizing
process of concerted evolution (Hillis & Dixon 1991; Alvarez
& Wendel 2003). Therefore, because bacterial cloning from
rDNA PCR amplifications targets a single molecule from a
pool of intragenomic variants, sequences derived via this
method may not be indicative of the identity and diversity
of Symbiodinium present in naturally collected samples.

Ribosomal RNA genes and their spacers are used widely
to describe Symbiodinium diversity and ecology, yet the extent
to which intragenomic variation exists among Symbio-
dinium spp. remains unknown. This variation may confound
estimates of diversity and obscure patterns of ecological
distribution when analysing rDNA data. To address these
potential problems, we assessed levels of rDNA variation
within five clonal cultures of Symbiodinium ‘types’ in clades

A to E. Specifically, the ITS region (defined as ITS1, 5.8S-
rDNA, and ITS2) was analysed from these cultures via
sequencing of bacterially cloned PCR products. Determining
the intragenomic diversity and sequence divergence of
rDNA genes is particularly relevant because bacterial cloning
of the ITS region is sometimes employed on Symbiodinium
samples (i) for purposes of generating clear sequences when
direct sequencing is unsuccessful and (ii) for the identification
of mixed symbiont populations occurring within a host.
Sequences of these clones were compared among themselves
as well as to data generated from direct sequencing of PCR
products and the dominant band obtained in a fingerprint
profile via PCR-DGGE. All sequences were subjected to a
series of analyses, including secondary structural determina-
tions and PCR-chimera screening, as a means to objectively
assign functional relevance to each. These controls effectively
identified many ‘suspect’ sequences that are probable pseudo-
genes or PCR artefacts. The presence of numerous functional
and nonfunctional intragenomic ITS variants indicates that
bacterial cloning of rDNA genes can lead to an overestimation
of Symbiodinium biodiversity.

Materials and methods

Selection and maintenance of Symbiodinium cultures

Five Symbiodinium cultures were selected to serve as represent-
atives of clades A to E. These cultures were: 77 (ITS2 ‘type’
A3), 13 (ITS2 ‘type’ B1), 152 (ITS2 ‘type’ C1), A001 (ITS2 ‘type’
D1a), and CCMP 421 (ITS2 ‘type’ E2) (sensu LaJeunesse 2001).
Cultures were either propagated from a single cell (i.e.
cultures 77, 13, 152; Schoenberg & Trench 1980; Fitt 1985;
R.K. Trench, personal communication) or analyses of chloro-
plast and/or amplified fragment length polymorphisms
(i.e. cultures A001, CCMP 421; Santos et al. 2003a; S. R. Santos,
unpublished data) support their clonality. Cultures were
maintained in f/2 medium (Guillard & Ryther 1962) at a
constant temperature of 24 °C, irradiance level ~80 μE m–2/s,
and a photoperiod of a 12-h light:dark cycle.

Analysis of Symbiodinium ITS variation via bacterial 
cloning

Genomic DNA was extracted with the Wizard® (Promega)
DNA preparation protocol following the methods of LaJeu-
nesse et al. (2003). The entire ITS region was PCR-amplified
from each using the primers ZITSUP/ZITSDN (Santos
et al. 2001) and purified with Montage™ PCR Filter Units
(Millipore) according to the supplier’s recommendations.
While half of the PCR product was directly sequenced in
both directions using the primers ZITSUP and ZITSDN,
the remainder was end repaired using the PCR Terminator
End-Repair Kit followed by cloning with the CloneSmart
Blunt Cloning Kit (Lucigen).
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Between 18 and 24 clones were screened by PCR with
ZITSUP/ZITSDN and 1% 1X sodium borate agarose gel
electrophoresis for the presence of inserts of the appropriate
size (~700 bp) prior to sequencing. Bacterial clones to be
sequenced were grown overnight in 3.0 mL of yeast-tryptone
broth and plasmids isolated by alkaline lysis extraction
(Birnboim 1983). Inserts were sequenced directly from the
plasmids using primers SL1 and SR2 (Lucigen) supplied
with the cloning kit. All sequences were generated using
BigDye Terminators and read on an ABI PRISM 3100 Genetic
Analyser (Applied Biosystems). Ambiguities in the chromato-
grams were corrected by comparison to the complement DNA
strand in sequencher version 4.6 (Gene Codes) and finished
sequences were aligned automatically using clustal_x
(Thompson et al. 1997) or manually using se-al version 2.0a11
(available at http://tree.bio.ed.ac.uk/software/seal/) and
macclade version 4.06 (Sinauer Associates) software.
Sequences were deposited in GenBank under Accession
Numbers EU074856-EU074966.

Phylogenetic analyses were conducted using paup* 4.0b10
(Swofford 1999), utilizing maximum parsimony under the
heuristic search mode. The total numbers of changes between
sequences were considered, with indels, regardless of size,
weighted as single characters. The raw chromatograms and
alignments utilized in this study are publicly available from
http://www.auburn.edu/~santosr/sequencedatasets.htm.

ITS2 analysis using denaturing gradient gel 
electrophoresis

Polymerase chain reaction-denaturing gradient gel electro-
phoresis fingerprinting of the ITS2 was also used to analyse
the extent of rDNA variation within the five Symbiodinium
‘types’. The application of this method in the analysis of
rDNA offers a way to characterize the amount of sequence
heterogeneity across the multicopy array (LaJeunesse &
Pinzón 2007). The ITS2 was amplified from each ‘type’
using the primer set ‘ITS2 clamp’ and ‘ITSintfor2’ (LaJeu-
nesse & Trench 2000) with a touchdown thermal cycle profile
as described in LaJeunesse et al. (2003). Products from these
PCR reactions were electrophoresed for 1500 volt-hours
at 60 °C on denaturing gradient gels (45–80%) using a CBS
Scientific system rig. The diagnostic bands in each profile
were then excised, re-amplified, and directly sequenced
using BigDye Terminator 3.1 reagents and read on an ABI
PRISM 3100 Genetic Analyser according to the protocol of
LaJeunesse (2002).

Testing for potential primer/cloning biases, Taq 
polymerase/cloning error, and PCR chimeras

To ensure that primer selectivity and cloning methodology
did not introduce biases, the analysis was repeated using a
second, independent primer set, ‘ITSintfor2’, and ‘ITSrev’

(see below), which specifically targets the Symbiodinium ITS2
region, and the PCR products cloned using the GeneJET
PCR Cloning Kit (Fermentas). This was performed on two
cultures, 77 (‘type’ A3) and 152 (‘type’ C1). To determine
whether sequence variation resulted from the PCR process
and/or bacterial cloning, the ITS copy in two bacterial clones
(one each from cultures 77 and 152) were selected for a
second round of PCR using the ZITSUP/ZITSDN primers,
followed by cloning and sequencing as described above.
Lastly, cloned sequences were screened for potential PCR
chimeras by two methods: (i) analysis with the software pack-
age bellerophon (Huber et al. 2004) and (ii) by dividing
suspected chimeric sequences at the nucleotide position
where the shift between parent molecules was believed to
have occurred and running separate blast searches (avail-
able at http://www.ncbi.nlm.nih.gov) on each portion of
the sequence.

Additional controls: structural analysis of 5.8S-rDNA 
and ITS2

Secondary structural analyses of 5.8S-rDNA and ITS2 were
conducted to determine whether sequences recovered via
bacterial cloning, direct sequencing, and PCR-DGGE formed
structures consistent with previously published studies.
For 5.8S-rDNA, sequences were aligned using clustal_x and
se-al version 2.0a11 against other Symbiodinium ‘types’ as
well as a phylogenetic range of dinoflagellates acquired
from GenBank (i.e. Alexandrium insuetum, AB006996; A.
lusitanicum, AJ005050; Calciodinellum opersoum, AY327462;
Crytoperidiniopsoid spp., AF352351; Ensiculifera; cf. imariensis,
AF527814; Gymnodinium simplex, AY686651; Heterocapsa arctica,
AB080495; Heterocapsa illdefina, AB084092; Heterocapsa
triquetra, AF527816; Karenia brevis, AF352369; K. mikimotoi,
AF318224; Karlodinium galatheanum, AF172716; Pfiesteria
piscicida, AY245693; Prorocentrum micans, AF370879; P. minimum,
AF208244; Scrippsiella trochoidea, AF527095; Symbiodinium
californium, AF334659; S. goreaui, AF333515; S. kawagutii,
AF333517; S. linucheae, AF333509; Symbiodinium spp.,
AJ291519; Symbiodinium ‘type’ A3, AF333507; Symbiodinium
‘type’ D1, AF334660; Symbiodinium clade G, AJ291538;
Symbiodinium clade H, AJ291513; and Thoracosphaera heimii,
AY327463). Sequences were folded according to the consensus
dinoflagellate 5.8S-rDNA secondary structure proposed
by Gottschling & Plötner (2004) to test whether structural
features were maintained.

For Symbiodinium ITS2, secondary structural analyses
were performed by superimposing individual sequences
onto the secondary structure of the most similar Symbio-
dinium ‘type’ reported in Hunter et al. (2007). Areas of high
sequence conservation within and between Symbiodinium
clades served as reference points. Less conserved regions
were folded by eye to conserve general secondary structure
characteristics. For these regions, pairings were identified

http://tree.bio.ed.ac.uk/software/seal/
http://www.auburn.edu/~santosr/sequencedatasets.htm
http://www.ncbi.nlm.nih.gov
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both by the phylogenetic comparative method (e.g. mutual
comparison of sequences in an alignment; Mai & Coleman
1997) and by complementary base changes that would
preserve nucleotide interactions (Coleman 2003). In the
case where a helix appeared to be disrupted, either by sub-
stitutions or indels to the nucleotide sequence, potential
alternative secondary structures were tested for using the
mfold version 3.4 package (Jaeger et al. 1989; Zuker 2003).

Sequences with noncanonical substitutions in the
5.8S-rDNA or ITS2 secondary structure were interpreted
conservatively as ‘suspect’ sequences. Such sequences are
potentially nonfunctional copies of a ribosomal operon
because disrupted ITS secondary structures have been
previously shown to inhibit or prevent the formation of
mature rRNA products (e.g. Musters et al. 1990; Beltrame &
Tollervey 1992; van der Sande et al. 1992; Beltrame et al. 1994;
Henry et al. 1994; van Nues et al. 1994).

Reanalysis of a Symbiodinium ITS2 field data set 
generated via bacterial cloning

To test how our series of controls performed on another
data set derived from bacterial cloning, we subjected 24
Symbiodinium 5.8S-ITS2 sequences from Hawaiian Porites
spp. corals [Apprill & Gates 2007; this data set includes 23
novel sequences, GenBank accession numbers: DQ182634–
DQ182656, and the previously described ‘type’ C15
(LaJeunesse et al. 2003), AY239369] to 5.8S-rDNA and ITS2
secondary structure determination as well as screening
for PCR chimeras. These analyses were applied in the exact
manner as those on the cloned libraries from the Symbio-
dinium cultures (see above). Details on sample collections,
DNA extraction, PCR amplification, and bacterial cloning
for these data are presented in Apprill & Gates (2007).

Results and discussion

Intragenomic variation among Symbiodinium ITS

Sequence variants were recovered from each of five Symbio-
dinium ‘types’ examined and a summary of variant diversity

and nucleotide differences is given in Table 1. Bacterially
cloned ITS sequences differed considerably in their diver-
sity and level of divergence depending on the cladal
‘type’ investigated. The lowest level of sequence diversity
was recovered from culture 77 (‘type’ A3), where 16 out
of 22 clones (72.7%) were identical (Table 1). Conversely,
culture 152 (‘type’ C1) had the highest level of sequence
diversity, with only 4 out of 22 clones (18.2%) being identical
(Table 1). Culture 13 (‘type’ B1) exhibited the lowest level
of sequence divergence between clones (i.e. a maximum
of two changes from the most commonly recovered sequ-
ence, total uncorrected (p) genetic distance = 0.0056), while
culture CCMP 421 (‘type’ E2) had the greatest amount of
sequence divergence among clones (i.e. up to 45 changes
from the most commonly recovered sequence, p = 0.0606;
Table 1).

Phylogenetic reconstructions based on maximum parsi-
mony were used to analyse the level and pattern of diver-
gence among sequence variants generated from cloning.
Unrooted phylogenies of the bacterially cloned 5.8S-ITS
sequences obtained from each culture are presented in Fig. 1.
The most frequently recovered cloned sequence from each
culture occupied the centre of a polytomy with variants
comprising the radiating spokes. For each culture, the most
frequently cloned sequence matched the sequence obtained
by direct sequencing of the PCR product as well as the
sequence of the dominant band isolated via PCR-DGGE
rDNA fingerprinting (Fig. 2).

Sequence differences among the variants from each
Symbiodinium isolate were comparable to, and sometimes
greater than, the divergence between marker sequences for
ecologically distinct Symbiodinium populations (van Oppen
et al. 2001; LaJeunesse 2002; LaJeunesse et al. 2004a, b) and
even possessed sequence differences equivalent to species
level boundaries hypothesized for many other dinoflagell-
ates (Litaker et al. 2007; Table 1). However, these divergent
sequences were homologous only to members of the same
Symbiodinium clade. It has been suggested that divergent
ITS sequences, equivalent to differences between subgeneric
clades, can be recovered from the genome of a single
Symbiodinium cell (van Oppen & Gates 2006). It should be

Table 1 Summary of bacterially cloned Symbiodinium internal transcribed spacer (ITS) sequences derived from five clonal isolates in clades
A to E. Uncorrected average genetic distances (p) are presented for each region of the ITS

ITS2 
‘type’ Culture

No. of 
clones

No. of 
unique
clones

Percentage of clones 
identical to direct 
sequencing of PCR 
product ITS1 p 5.8S-rDNA p ITS2 p Total p

A3 77 22 7 72.7% 0.0098 0.0186 0.0096 0.0089
B1 13 22 13 45.5% 0.0098 0.0126 0.0121 0.0056
C1 152 22 18 18.2% 0.0124 0.0189 0.0206 0.0112
D1a A001 18 13 22.2% 0.0090 0.0063 0.0166 0.0082
E2 CCMP 421 24 18 29.2% 0.0431 0.0125 0.1239 0.0606
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Fig. 1 Unrooted maximum parsimony phylogenies of ITS rDNA gene region (ITS1, 5.8S-rDNA, and ITS2) sequence variants generated via
PCR and bacterial cloning from five clonal Symbiodinium cultures: (a) culture 77 (‘type’ A3), (b) culture 13 (‘type’ B1), (c) culture 152 (‘type’
C1), (d) culture A001 (‘type’ D1a), and (e) culture CCMP 421 (‘type’ E2). For each polytomy, numbers of point substitutions and/or indels
are related to branch length. Indels were weighted as a single change regardless of length. Numbers of clones with identical sequences are
indicated by circle size at each node; identical sequences recovered more than three times have the corresponding number of replicates (in
parentheses) following clone name. Dashed branches indicate probable chimeric sequence artefacts generated during PCR.
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noted, however, that the five Symbiodinium cultures examined
here contained no variation of this kind.

Taq polymerase error and/or mutations introduced by
bacterial cloning may contribute to the observed sequence
diversity and divergence found between these Symbiodinium
‘types’ (Tindall & Kunkel 1988; Wang & Wang 1996;
Speksnijder et al. 2001). To examine this possibility, single
ITS clones representing the most commonly recovered
sequence from Symbiodinium ‘types’ A3 and C1 were sub-
jected to a second round of PCR and subsequent bacterial
cloning. Of the 59 clones examined, 54 were identical to the
original sequences while the remaining five (i.e. one clone
for A3, four for C1; Tables S1 and S2) differed by a single bp
substitution. This represents a rate of 1.21 × 10–4 errors per
site, a value nearly identical to that reported in other studies
of Taq polymerase error (Tindall & Kunkel 1988; Barnes
1992). Thus, this source of error contributes approximately
one variant sequence with a single base change per cultured
cell line examined. Additionally, several PCR chimeras were
detected in the data set. These artefacts are created when an
incompletely amplified product anneals to a heterologous
DNA template and is then synthesized to completion based
on the second sequence (Wang & Wang 1996), with the
resulting molecule being a combination of two distinct
templates. Identified chimeras included one clone from
‘type’ C1 (i.e. C1 1178) and four from ‘type’ E2 (i.e. E2 2074,
E2 2102, E2 2122, and E2 2130; indicated by dashed lines in
Fig. 1; diagramed in Fig. S1). Based on these results, we
conclude that artefacts due to Taq polymerase and cloning
error only account for a small percentage of our clones while
the remaining sequence diversity and divergence originates
from ribosomal operon variation within the Symbiodinium
genome.

Eukaryotic genomes typically contain hundreds to
thousands of tandemly repeated copies of the rDNA
operon (Hillis & Dixon 1991; Prokopowich et al. 2003); for
dinoflagellates, copy number per cell is estimated to range
from 200 to 1200 (Maroteaux et al. 1985; Galluzzi et al. 2004).
Many copies of this multigene family exhibit high sequence
similarity within the same genome due to concerted evolu-
tion (Dover 1986), which homogenizes members by gene
conversion (Arnheim 1983) and/or unequal crossing-over
(Smith 1976). However, the copies within a genome are rarely
(if ever) completely homogenous. Testimony to this comes
from the recovery of intragenomic rDNA gene heterogeneity
(including the ITS region) from numerous organisms
(Suh et al. 1993; Campbell et al. 1997; Serrão et al. 1999;
Denduangboripant & Cronk 2000; Famá et al. 2000; Harris
& Crandall 2000; Kita & Ito 2000; Coyer et al. 2001; Hart-
mann et al. 2001; Muir et al. 2001; Parkin & Butlin 2004;
Ruggiero & Procaccini 2004; Alverson & Kolnick 2005;
Pröschold et al. 2005; Litaker et al. 2007), including Symbio-
dinium (Santos et al. 2001; LaJeunesse 2002; Diekmann et al.
2003; van Oppen et al. 2005).

Differences in the number of ITS intragenomic variants
found among the five analysed Symbiodinium ‘types’ do not
appear to be the result of primer biases in the PCR reaction.
PCR amplifications conducted using an independent primer
set that targeted the 5.8S-ITS2 portion of the ITS region of
cultures 77 (‘type’ A3; 35 clones) and 152 (‘type’ C1; 35
clones) revealed comparable patterns in sequence diversity
and divergence as to the full ITS region (see Fig. S2). This
suggests that differences in the number of variants recovered
are not due to biases in the primers used. It should be noted
that although a higher proportion of variants (relative to the
number of clones sequenced) were recovered when ampli-
fying and cloning the smaller fragment from ‘type’ A3, the
level of intragenomic variation for each Symbiodinium
‘type’ was consistent (C1 > A3). Finally, although most of
the variants recovered from each primer set differed, the
sequences of the most commonly recovered clones were
identical between primer sets.

One explanation for the differing levels of intragenomic
ITS variation observed between Symbiodinium ‘types’ (Table 1)
is the number of rDNA operons in a particular genome.
Analysis using real-time PCR suggests that Symbiodinium
clade C ‘types’ have a greater number of rDNA operons
than other Symbiodinium ‘types’. For example, rDNA gene
copy number appears to be 3–5X higher in Symbiodinium
clade C ‘types’ relative to clade D ‘types’ (Smith & LaJeunesse,
unpublished). In this case, the greater number of copies
present in Symbiodinium clade C ‘types’ may result in slower
rates of concerted evolution, and higher levels of intragenomic
rDNA variation, in those genomes.

ITS pseudogene identification from cultured isolates

Given the heterogeneous nature of eukaryotic rDNA, it is
not surprising that nonfunctional operons, or pseudogenes,
may exist at some frequency within a genome (e.g. Harpke
& Peterson 2006, and references within). Ribosomal pseudo-
genes are also well known from the dinoflagellates and
have been identified based on mutations in conserved
regions or significant indels in a nucleotide sequence
(Scholin et al. 1993; Yeung et al. 1996; Rehnstam-Holm et al.
2002; Santos et al. 2003b). Another method for identifying
potential pseudogenes is via structural analyses (reviewed
in Bailey et al. 2003). Secondary structure is critical to the
function of rRNAs as well as the initial processing of the
precursor transcript into its separate functional components
(Musters et al. 1990; Lui & Schardl 1994; van Nues et al.
1994; Michot et al. 1999; Côté & Peculis 2001). For the
ITS regions, even minor modification to secondary struc-
tural features prevent the formation of mature rRNAs
(Musters et al. 1990; Beltrame & Tollervey 1992; van der
Sande et al. 1992; Beltrame et al. 1994; Henry et al. 1994;
van Nues et al. 1994). Thus, when confronted with an intra-
genomic rDNA variant, secondary structure analyses can
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offer insight into the biological relevance of that particular
molecule.

A diagram of the dinoflagellate 5.8S-rDNA secondary
structure, based on Gottschling & Plötner (2004), is presented
along with a sequence alignment of the region from a diverse
sampling of free-living dinoflagellates and Symbiodinium
cladal ‘types’ (Fig. 3). Although sequences exhibit some
degree of variability (Fig. 3), the structure of 5.8S-rDNA is

highly conserved across the dinoflagellates (Gottschling
& Plötner 2004). Sequences and secondary structures of
‘representative’ bacterially cloned sequences from ‘types’
A3, B1, C1, D1a, and E2 (Fig. 3), as well as many of their
intragenomic variants, were consistent with this consensus.
However, variants possessing mutations that adversely
affect the secondary structure of the gene product were
also identified (Table 2; see Tables S3–S7). In one extreme
case, two clones from ‘type’ D1a (i.e. clones D1a 2017 and
D1a 2028) shared a 92-bp deletion in 5.8S-rDNA. With
more than half of the gene absent, this variant is definitely
nonfunctional. Intragenomic variants qualifying as potential
pseudogenes based on 5.8S-rDNA mutations are catalogued
in Tables S3–S7.

Secondary structural analyses of ITS2 also proved useful
as a means of identifying potential pseudogenes among
our cloned intragenomic rDNA variants. Again utilizing
Symbiodinium ‘type’ D1a as an example, seven of the variants
possessed ITS2 mutational differences relative to the
sequences derived directly from the PCR product and
PCR-DGGE; these were mapped to specific locations in the
ITS2 secondary structure of this ‘type’ (Fig. 4). Although
mutations at two sites (e.g. 1 and 7) were localized to positions
that did not alter the secondary structure, the remaining six
occur in helices II and III (Fig. 4). Because these mutations
failed to preserve nucleotide pairing in the helices (Fig. 4),
the loss of one or more pairings typically found in a stem
will have destabilizing effects on the confirmation of ITS2
and potentially impact the processing of transcripts from
that operon. Consequently, we interpret ITS2 sequences
with secondary structure disrupting mutations (such as
these) as potential pseudogenes. Similar analyses of ITS2
secondary structures for all five Symbiodinium cultures are
included in Figs S3–S6 and a summary of these patterns is
presented in Table 2.

Fig. 2 PCR-DGGE profiles of the five Symbiodinium cultured
isolates examined in this study. For each profile, the dominant
diagnostic band was excised and sequenced (open arrows). Less
dominant intragenomic variants appear as fainter bands.
Heteroduplexes formed between these codominant variants are
indicated (closed arrows). Gel profile presented as a negative
image.

Table 2 Summary of secondary structural disruptions and PCR-chimeras identified from bacterially cloned Symbiodinium internal
transcribed spacer (ITS) sequences. Sequences were derived from either five clonal isolates or from populations of Hawaiian corals in the
genus Porites

Sample origin

ITS2 ‘type’ 
determined 
by DGGE

Total 
no. of 
clones

No. of 
unique 
clones

No. of 
unique 
clones with 
5.8S-rDNA 
disruptions

No. of 
unique clones 
with ITS2 
disruptions

No. of 
unique 
PCR-
chimeras

No. of 
unique clones 
without 
identifiable 
disruptions

Total p 
between 
clones without
disruptions

Culture 77 A3 22 7 2 1 0 4 0.00608
Culture 13 B1 22 13 3 2 0 8 0.00561
Culture 152 C1 22 18 5 3 1 10 0.01100
Culture A001 D1a 18 13 3 6 0 6 0.00410
Culture CCMP 421 E2 24 18 3 11 4 5 0.00549
Porites spp.* C15† 66* 24‡ 20 20 3 3 0.01394

*Apprill & Gates (2007) ; †LaJeunesse et al. (2004a); ‡Includes 23 novel ITS2 clones reported by Apprill & Gates (2007) and ‘type’ C15, 
previously reported by LaJeunesse et al. (2004a).
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Screening for pseudogenes and PCR artefacts in cloned 
sequences from field samples

The finding of substantial intragenomic variation in
cultured single cell isolates of Symbiodinium suggests that
intragenomic variation may confound diversity estimates
in these eukaryotic microbes, especially in field samples where
bacterial cloning was used to generate sequence data. The
analyses employed above on known intragenomic variants
offer some utility for screening field data sets for pseudo-
genes and PCR artefacts.

Secondary structural analyses were applied to the data set
of Appril & Gates (2007) consisting of 24 sequences derived
from field-collected populations of Symbiodinium. Of these,
numerous potential pseudogenes were detected among
the bacterially cloned 5.8S-ITS2 sequences of Symbiodinium

populations from Hawaiian corals in the genus Porites.
For example, the commonly recovered 5.8S-rDNA sequence
KB1 (Apprill & Gates 2007) was found to contain mutations
that would compromise its function. Although the KB1
5.8S-rDNA sequence is not complete, the available region
is atypical relative to other dinoflagellates (indicated by
asterisks at the base of the alignment; Fig. 3), including
representatives from all Symbiodinium clades (Fig. 3), in two
ways. First, a 5-bp deletion located in a single-stranded
region of 5.8S-rDNA (labelled ‘d’ in the alignment; Fig. 3)
has no precedence among dinoflagellates. Although a single-
stranded region could incur a deletion without altering
secondary structure, the overall length of this region (18 bp)
is highly conserved and likely important for maintaining
the spatial orientation of stems within the 5.8S-rRNA
structure (Fig. 3). Second, a transversion mutation (i.e.

Fig. 3 Secondary structural analysis (a) and sequence alignments (b) of the 5.8S-rDNA gene from various symbiotic and free-living
dinoflagellates. Structural regions of the molecule are labelled above the nucleotide alignment. Direct sequences from the five Symbiodinium
isolates in clades A to E are included in the alignment (i.e. cultures 77, 13, 152, A001, and CCMP 421, respectively), as well as the common
sequence cloned from Symbiodinium populations of Porites lobata colonies in Hawaii (KB1; Apprill & Gates 2007). All sequences are
compared against the 5.8S-rDNA of Symbiodinium sp. A nucleotide (A, C, G, or U) in place of a dot (.) denotes a substitution at that position.
Dashes (–) and ‘N’ indicate an insertion/deletion (indel) and missing data, respectively. Asterisks (*) at the base of the alignment denote
significant substitutions or indels in the KB1 sequence.
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‘C’ to ‘G’) was identified in an otherwise universally
conserved ‘GAAC’ motif across dinoflagellates (positions
107–110 in Fig. 3). Of the 24 sequences reported by Apprill
& Gates (2007), the 5-bp deletion and pyrimidine to purine
transversion were detected in 20 and 13 sequences, respec-
tively (summarized in Table 2, additional details provided
in Table S8).

Additionally, ITS2 secondary structure was compromised
in most of the cloned sequences from these field-collected

Symbiodinium populations. In this case, 20 out of 24 sequences
possessed from one to seven mutations disrupting the
secondary structure of ITS2 (Fig. 5 and Table S8). Notably,
sequence KB1 had seven mutations, many of which disrupted
nucleotide pairings in the major ITS2 helix IIIb (Fig. 5). This
helix is a conserved feature among Symbiodinium, both in the
length of the stem and the number of pairings it possesses
(Hunter et al. 2007). One possibility is that KB1 has alternative
pairings or a different conformation for helix IIIb. However,

Fig. 4 Secondary structural analysis (a) and alignment (b) of ITS2 sequences from a clonal isolate of Symbiodinium ‘type’ D1a. Boundaries
of the helices are labelled and correspond to those above the nucleotide alignment. The sequence generated directly from the PCR product
is used as the template against which the eight cloned sequences are compared (see Materials and Methods). A nucleotide (A, C, G, or U)
in place of a dot (.) denotes a substitution at that position. Dashes (–) indicate an insertion/deletion (indel). Numbers listed under ‘Mut.
Pos.’ represent positions where mutational differences exist between the direct- and clone-derived sequences. For these, effects to secondary
structural stability of ITS2 are inferred (i.e. ‘Effect SS’): N = no influence, + = positive influence, – = negative influence, ~ = weakened
interaction (G-U pairing). Arrows identify variable sequence positions on the secondary structure diagram. Characters depicted in grey
represent a highly conserved rRNA processing site.
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Fig. 5 Secondary structural analysis (a) and alignment (b) of cloned ITS2 sequences from Symbiodinium populations of Porites lutea and
P. lobata corals (Apprill & Gates 2007) and the ‘type’ C15 sequence published by LaJeunesse et al. (2004a). The boundaries of the helices are
labelled and correspond to the same labels placed above the nucleotide alignment. The C15 sequence generated from PCR-DGGE is used
as the model against which 23 cloned sequences are compared (see Materials and Methods). A nucleotide (A, C, G, or U) in place of a dot
(.) denotes a substitution at that position. Dashes (–) indicate an insertion/deletion (indel). Numbers listed under ‘Mut. Pos.’ represent
positions where mutational differences exist between the direct- and clone-derived sequences. For these, effects to secondary structural
stability of ITS2 are inferred (i.e. ‘Effect SS’): N = no influence, + = positive influence, – = negative influence, ~ = weakened interaction
(G-U pairing). Arrows identify variable sequence positions on the secondary structure diagram. Characters depicted in grey represent a
highly conserved rRNA processing site; mutations in this region without precedent in Symbiodinium are indicated with an asterisk (*) at the
base of the alignment. Note that the mutation at position 10 was deleterious for sequences ‘KB3’, ‘KB4’, and ‘KB179B_7’; sequence
‘KB102C_5B’ possesses a complementary base change at position 12 that compensates for the mutation at position 10.
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the software package mfold was unable to determine a
thermodynamically stable secondary structure for the
helix IIIb region of KB1 (data not shown). Along with this,
many of the sequences possessed an unusual substitution
in a conserved 11-bp region of helix II. This region, located
at the 3′ base of the helix, is recognized as an important
processing site in many eukaryotes, including rats and
yeast (Wesson 1992), and is highly conserved in sequence
across Symbiodinium clades (Hunter et al. 2007). Among
numerous Symbiodinium ‘types’ examined to date, this
position is either ‘C’ or ‘U’ (Hunter et al. 2007), whereas 17 of
the 23 novel sequences have a ‘G’ at this position (mutation
position 13 in Fig. 5).

Lastly, similar to the ITS sequences from cultures, three
PCR chimeras were identified in the sequence data set of
field-collected Symbiodinium populations from Porites spp.
by blast analyses: clones KB135_63 and KB102C_5B, which
are composites of KB1 (5′ region) and Symbiodinium ‘type’
C15 (sensu LaJeunesse et al. 2004a, b) (3′ region), and clone
KB179B_7, a chimera between KB3 or KB4 (Apprill & Gates
2007) and ‘type’ C15 (Fig. 5; Fig. S7). Notably, the chimeric
nature of clone KB135_63 is apparent by its intermediate
position between KB1 and ‘type’ C15 in the proposed Sym-
biodinium clade C phylogeny (i.e. Fig. 3) of Apprill & Gates
(2007).

Exclusion of these ‘suspect’ sequences from the field data set
resulted in a reduction of functional rRNA to three variants.
Notably, only one of these was consistently recovered from
many of the colonies examined by Apprill & Gates (2007)
and was identical to the diagnostic ‘marker’ sequence (i.e.
‘type’ C15) characterized from PCR-DGGE fingerprinting
of Symbiodinium populations from several species of Porites
during an assessment of symbiont diversity in Hawaiian
corals (LaJeunesse et al. 2004a). The remaining two viable
sequences were recovered once and from separate sam-
ples. Although it is possible that they represent functional
intragenomic variants, their significance and utility with
regard to estimating biological diversity are questionable.

Conclusions

The accurate characterization and assessment of Symbio-
dinium diversity is vital to understanding their ecological
and evolutionary patterns and processes. The ITS region
has been routinely used to estimate Symbiodinium diversity
in coral reef ecosystems and much of our understanding of
these symbioses is grounded on data generated from this
section of nuclear DNA (e.g. van Oppen et al. 2001, 2005;
LaJeunesse 2002; Iglesias-Prieto et al. 2004; Thornhill et al.
2006; Warner et al. 2006; Apprill & Gates 2007). Here,
bacterially cloned ITS sequences from five clonal lines of
Symbiodinium, representing five subgeneric clades (A to E),
were examined and it was found that the level and degree
of intragenomic variation in this molecule was similar to

what has been observed in other dinoflagellates (Litaker
et al. 2007). Some Symbiodinium ‘types’ exhibited greater
levels of intragenomic variation than others. In many cases,
variants exhibited sequence differences comparable to
Symbiodinium populations shown to have distinct ecological
distributions (Table 2; e.g. van Oppen et al. 2001; LaJeunesse
et al. 2003, 2004a, b). This illustrates the need for caution
when interpreting data generated by bacterial cloning
because novel ITS sequences generated by this method are
not necessarily equivalent to distinct Symbiodinium ‘types’.

In an effort to establish protocols and controls for screen-
ing such data sets, secondary structural analyses and tests
for PCR chimeras were able to identify likely pseudogenes
as well as PCR artefacts. After excluding these from the
data set, it was not surprising to be left with intragenomic
variants that appear functional (e.g. possess appropriate
5.8S-rRNA and ITS2 secondary structures or could not be
accredited to methodological artefact). However, by mak-
ing the assumption that each viable sequence represents a
unique Symbiodinium ‘type’, diversity would have been
overestimated by 4–10-fold (Table 2) relative to the actual
genetic composition of the utilized clonal cell lines (i.e. a
single biological entity). When identical analyses were
applied to sequences from bacterially cloned rDNA from
field-collected Symbiodinium samples (Apprill & Gates 2007),
21 of 24 sequences (~87.5%) possessed mutations that seriously
compromised the secondary structure of 5.8S-rDNA and/
or ITS2 (e.g. probable pseudogenes) or could be attributed
to artefacts of the PCR process. Thus, intragenomic vari-
ation and methodological artefact in bacterially cloned ITS
sequences also influence estimates of Symbiodinium diversity
in hospite. Exclusion of these ‘suspect’ sequences results in a
substantial reduction of the estimated Symbiodinium diver-
sity within these Porites spp., with diversity being more
consistent with previous estimates (LaJeunesse et al. 2004a).

For ease of use, low- or single-copy markers may be desir-
able alternatives to rDNA genes for Symbiodinium (van
Oppen & Gates 2006). Unfortunately, current candidate
molecules either exhibit low variability in dinoflagellates
(e.g. mitochondrial genes; Zhang et al. 2005) or require
primer sets tailored to a subset of Symbiodinium ‘types’ (e.g.
microsatellite flanking regions; Santos et al. 2004). Despite
the challenges of differentiating intra- vs. intergenomic
diversity, important ecological and phylogenetic utility
remains in using the numerically dominant rDNA copy.
For each Symbiodinium culture that was analysed, the
sequences obtained by direct sequencing of PCR products
and via PCR-DGGE fingerprinting (Fig. 2) were identical to
the most commonly cloned sequence and the one that occupied
the centre of a phylogenetic polytomy (Fig. 1). The recovery
of the same sequence by three independent methodologies
indicates that this sequence represents the most abundant
copy in the genome. The stability and eventual replacement
of a dominant rDNA sequence operates through concerted
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evolution, a process that requires the turnover of numer-
ous generations on evolutionary time scales (Dover 1986;
Arnheim 1983). While variants may arise and be lost within
the lifespan of an individual, the dominant variants are those
that have persisted by spreading within and throughout
the genomes of individuals in a population (Dover 1986).
Recent analyses suggest that putatively dominant sequences
are useful ‘markers’ for distinguishing ecologically different
Symbiodinium ‘types’ (LaJeunesse 2002; LaJeunesse et al. 2004b;
Thornhill et al. 2006; Sampayo et al. 2007). For purposes of
establishing a ‘marker’ sequence for a particular Symbiodinium
population, it seems logical that the sequence of the dominant
intragenomic rDNA copy be targeted for diversity surveys.
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