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1. Introduction

Ribosomal DNA (rDNA) sequences are effectively used
to infer the phylogenetic relationships among organisms at
all taxonomic ranks (Avise, 2004). Among eukaryotes,
each ribosomal operon contains a small and large subunit
(SSU and LSU) separated by the internal transcribed
spacer (ITS) region consisting of the ITS 1, 5.8S, and ITS
2. The genomes of most eukaryotes contain hundreds or
thousands of ribosomal operons arrayed in tandem on
one to several chromosomes (Dover, 1982; Prokopowich
et al., 2003). Most intragenomic copies share identical
sequences as a result of concerted evolution, a homogeniz-
ing process that depends on unequal crossing over during
meiosis and biased gene conversion (Dover, 1982; Elder
and Turner, 1995). Concerted evolution ultimately requires
the turnover of many generations of individuals from pop-
ulations that, through time, are typically undergoing sexual
recombination. Ribosomal DNA therefore evolves differ-
ently than single copy loci because it is subjected to ongo-
ing homogenization. This may explain why these genes
have been useful in discerning the evolutionary histories
of so many kinds of life.

Sequence variation across the ribosomal array is still
common among most all eukaryotes despite concerted evo-
lution (Buckler et al., 1997; Harris and Crandall, 2000;
Worheide et al., 2004). This variation is most pronounced
in the ITS 1 and 2 regions, whose sequences are often used
as species level markers (Baldwin et al., 1995; Coleman and
Mai, 1997; Litaker et al., 2007). Because point mutations
and/or insertion–deletions (indels) are less likely to disrupt
the function of these spacers, sequence variants commonly
arise. The level of variation in a species is likely influenced

by specific rates of concerted evolution. Factors such as the
slow turnover in generations, high rDNA copy number,
presence of pseudogenes, and frequent interspecific hybrid-
ization probably contributes to the high variability
observed in some taxa.

The existence of high intragenomic variation can limit
the utility of ITS rDNA for phylogenetic reconstructions,
especially between closely related species (Vollmer and
Palumbi, 2004). We have noted, however, that most find-
ings reporting high intragenomic (and intraspecific) varia-
tion used bacterial cloning in their methods to generate
sequence data (e.g. Odorico and Miller, 1997; van Oppen
et al., 2000; Vollmer and Palumbi, 2004). Cloning is often
necessary when PCR products cannot be directly
sequenced. In contrast to direct sequencing, cloning
retrieves variant ITS copies that may not be common in
the genome (Litaker et al., 2007).

What is the importance of rare rDNA variants relative
to those that are numerically dominant? A variant rDNA
copy can arise instantaneously in a single generation from
the result of a simple point mutation. There is a low prob-
ability, however, that any particular variant will sweep
through the rDNA to become the most numerically domi-
nant copy. The rise to dominance through concerted
replacement and gene conversion of hundreds or thousands
of copies requires evolutionary time scales. For purposes of
phylogenetic reconstructions, use the dominant sequence in
a genome seems logical.

PCR-denaturing gradient gel electrophoresis (DGGE)
offers a method for ‘‘fingerprinting’’ intragenomic rDNA
for the identification of dominant variants, especially when
direct sequencing may not be possible. PCR-DGGE is a
widely applied method for analysing mixtures of sequence
variants from a single sample (Muyzer et al., 1993). Among
the many uses, it is commonly employed to study environ-
mental pools of microbial communities over spatial and
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temporal scales (Muyzer and Smalla, 1998) and for investi-
gating the intragenomic diversity of multigene families
(Knapp, 2005). It is used effectively to ‘‘fingerprint’’ the
rDNA from populations of endosymbiotic dinoflagellate
(Symbiodinium spp.) living in the tissues of reef-building
cnidarians (LaJeunesse, 2002; LaJeunesse et al., 2004).
Simple or complex banding patterns in denaturing gels
appear to characterize the state of sequence homo- or het-
erogeneity across the multi-copy array can be characterized
by the constancy and degree of complexity in a banding
profile produced on a denaturing gel. The sequence of the
brightest band in a profile typically matches directly
sequenced PCR amplifications (LaJeunesse, 2002) and the
sequences most commonly retrieved via bacterial cloning
of PCR products (Thornhill et al., in press). Taken
together, the consistencies of these data indicate that
sequence identity of the most common rDNA variant is
effectively identified by PCR-DGGE analysis. This method
is therefore especially useful in those instances when direct
sequencing is unsuccessful.

Exceptional intragenomic ITS sequence variation occurs
in branching corals of the genus Acropora. These ‘‘stag-
horn’’ corals often dominate the shallowest habitats of
many Indo-Pacific coral reef ecosystems (Veron, 2000).
Understanding their evolutionary patterns and processes
is therefore important. Variation in ITS sequence from
an individual colony may differ by as much as 30% or
more, depending on the species (Odorico and Miller,
1997; van Oppen et al., 2001; Marquez et al., 2003; Lam
and Morton, 2003; Vollmer and Palumbi, 2004). This rep-
resents the highest amount of intragenomic rDNA varia-
tion known to biology (Wei et al., 2006). ITS sequences
analysed from related species of Acropora sp. give a com-
plex phylogenetic picture (van Oppen et al., 2000). Because
of this, some have reflexively discouraged the use of ITS
sequences in coral phylogenetics (Vollmer and Palumbi,
2004; however, see Wei et al., 2006). To evaluate the utility
of PCR-DGGE in examining rDNA from organisms
known to contain high levels of intragenomic variation,
PCR-DGGE was used along with, direct sequencing and
bacterial cloning, to analyse the ITS 2 rDNA from a cap-
tive colony of Acropora valida.

2. Materials and methods

Five axial polyps were collected at separate locations on
a colony of A. valida (Fig. 1a). DNA was extracted from
the coral’s tissues using the DNeasy� Tissue Kit (Qiagen)
following the manufacture’s protocol. Ribosomal DNA
comprising 96 bases of the 5.8S, the full ITS 2, and 22 bases
of the large subunit (LSU) was amplified using the primers,
ITSrev (GGG ATC CAT ATG CTT AAG TTC AGC
GGG T) and Scler5.8Sbforward (GAA GAA CGC AGC
CAA CTG CGA). Conditions for these amplifications
were: an initial denaturing step of 3 min at 94 �C followed
by 40 cycles of 30 s at 92 �C, 30 s at 52 �C, and 30 s at
72 �C, and a final cycle of 10 min at 72 �C. All five ampli-

fications were directly sequenced. Amplifications from
samples 1, 2, and 4 were also cloned using a pGEM-T clon-
ing kit (Promega). For each sample and 8–12 clones were
sequenced. In all, 29 clones were sequenced and the number
of unique variants was graphed in the order of their discov-
ery (Fig. 1b). Sample 4 Clone 2 (4clone2) was re-cloned and
sequenced to determine the effect of PCR and cloning arti-
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Fig. 1. Assessing intragenomic rDNA variation in corals (a) Genomic
DNA was extracted from five branches of a captive colony of Acropora

valida and the ITS 2-5.8S region amplified. (b) Graphical representation
tracking unique sequences recovered as a proportion of the number of
clones sequenced. (c) PCR-DGGE fingerprinting analyses of amplified
ITS1-5.8S-ITS 2 region from each branch. Diagnostic bands indicated by
the letters a and b were excised and sequenced. Bands above these are
heteroduplexes.
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facts in generating sequence variants (n = 7; Speksnijder
et al., 2001). Sequencing reactions used Applied Biosystem
reagents (Big Dye� 3.1) and were analysed on an ABI 3100
capillary system.

Due to the small size of the ITS-5.8S region in Acropora

(Odorico and Miller, 1997), a fragment encompassing both
spacers and rDNA gene was amplified using the primer set,
ITS2-clamp (CGCCCGCCGC GCCCCGCGCC CGTCC
CGCCG CCCCCGCCCG GGATCCATA TGCTTAAG
TT CAGCGGGT) and the coral-specific A18S primer
(GAT CGA ACG GTT TAG TGA GG; Lam and Morton,
2003). PCR products were resolved on a 45–85% denatur-
ing gel as originally described by LaJeunesse and Trench
(2000) and modified by LaJeunesse et al. (2003). From
the profile generated, the most diagnostic bands were
excised, re-amplified, and sequenced (Fig. 1c). Diagnostic
bands are bright, well-resolved, bands typically occurring
in the lower half of a fingerprint profile (LaJeunesse,
2002). While also diagnostic, upper bands in complex pro-
files usually consist of heteroduplexes, mismatched combi-
nations of forward and reverse DNA strands that anneal
during the PCR reaction when mixtures of variant
sequences differing by one or two bases are present.

Because these heteroduplexes contain base mismatches
they are less stable and melt higher (earlier) in the denatur-
ing gel (Muyzer et al., 1993).

ITS 2-5.8S sequence data generated from direct sequenc-
ing of genomic amplifications (GenBank EU011753), bac-
terially cloned isolates (GenBank EU011756–EU011784),
and re-amplifications of diagnostic bands from PCR-
DGGE fingerprints (GenBank EU011754 and EU011755)
were compared in a phylogenetic reconstruction based on
Maximum Parsimony (gaps scored as a 5th character state;
PAUP 4.0b10, Swofford, 2000). Additional published
sequences from A. valida (GenBank Accession Nos.
DQ251743, U82729, U82728) were included along with
an outgroup sequence from A. longicyathus (Odorico and
Miller, 1997, U82735) (Fig. 2a).

3. Results and discussion

3.1. Finding consistency amid wide intragenomic variation

The genome of a single colony of A. valida contains
numerous intragenomic rDNA variants. Bacterial cloning
recovered 23 unique sequences out of 29 clones. New vari-
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Fig. 2. Rooted (a) and un-rooted (b) phylogenetic reconstructions using Maximum Parsimony based on multiple 5.8-ITS 2 sequences from cloned PCR
amplifications of DNA extracts from axial polyps collected at locations 1, 2, and 4 (Fig. 1a). Additionally, sequences from PCR-DGGE band cuts and
direct sequencing from PCR products along with selected published sequences (Odorico and Miller, 1997; Wei et al., 2006) were included. Re-cloning of
variant ‘‘4clone2’’ produced identical sequences (n = 7). Sequences based on direct PCR products and PCR-DGGE bands are centrally positioned to the
phylogenetic ‘‘radiation’’ of cloned variants.
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ants were discovered at a consistent rate with the sequenc-
ing of additional clones (Fig. 1b). Remarkably, this trend
showed no indication of ceasing and suggests that many
remaining variants require characterizing. Few among
these sequence variants were recovered more than once.
Some differed from each other by as much as 28% (based
on an average ITS 2 length of 109 b.p. with indels not
included). This level encompasses a similar range of varia-
tion previously reported to occur in this species (Odorico
and Miller, 1997).

Some of these variants may represent PCR and cloning
artifacts (Thornhill et al., in press). Taq error was tested by
re-cloning one of the variants. All sequences of this second-
arily cloned fragment were identical in sequence to the
originally cloned fragment suggesting that these methods
(PCR and bacterial cloning) introduced little or no varia-
tion. Several variants, however, appeared to be the prod-
ucts of PCR generated chimeras. In these cases, each half
of the fragment could be traced to separate parent
sequences (e.g. 1clone5).

Slow rates of concerted evolution would lead to the ori-
gin and maintenance of high numbers of variants with
divergent sequences. For many Acropora spp., extensive
asexual propagation, interspecific hybridization, and the
incomplete lineage sorting of ancestral sequences are fac-
tors that may be contributing to slower rates of concerted
evolution in the genus (Odorico and Miller, 1997; van
Oppen et al., 2001; Vollmer and Palumbi, 2004; Wei
et al., 2006). Many of the variants may represent pseudo-
genes (Wei et al., 2006), introgressed copies from hybrid-
izations, or are relics from incomplete lineage sorting.
For purposes of detecting pseudogenes, these data would
benefit from an analysis of how base changes potentially
induce conformational changes in ITS secondary structure
(Chen et al., 2004; Hunter et al., 2007). Base substitutions
found in one of the partial 5.8S sequences (4clone5) appear
to create an unstable secondary structure, indicating that it
is probably a pseudogene (Bailey et al., 2003).

In contrast to cloning, direct sequencing and PCR-
DGGE rDNA fingerprinting exhibited marked consistency.
Direct sequencing of DNA extracts from all five axial polyps
produced identical chromatograms with few instances of
background peaks. Identical PCR-DGGE profiles were also
generated for each sample (Fig. 1c). Direct sequences were
nearly identical to sequences of the ‘‘a’’ and ‘‘b’’ bands that
are diagnostic of the PCR-DGGE fingerprint in Fig. 1c.
The sequences of bands ‘‘a’’ and ‘‘b’’ differed from each other
by one base change. Close similarities are commonly
observed between putative co-dominant intragenomic vari-
ants (LaJeunesse, 2002). At the few positions where direct
and PCR-DGGE sequences differed, chromatograms of
directly sequenced fragments contained background peaks
that corresponded to the sequences of the ‘‘a’’ and ‘‘b’’
PCR-DGGE bands. Three clones, the most found for any
one variant, matched the sequence of band ‘‘b’’. Collectively,
these data indicate that the ITS 2 sequence of band ‘‘b’’ is the
most common variant in the genome.

Phylogenetic reconstructions based on Maximum Parsi-
mony were used to relate direct sequences and PCR-
DGGE band sequences to the diversity of sequence vari-
ants generated from cloning (Fig. 2a and b, rooted and
un-rooted). Sequences from direct sequencing and PCR-
DGGE occupied a central position in an extensive radia-
tion of putatively low copy number variants (Fig. 2b). Pub-
lished cloned sequences from A. valida occupied various
phylogenetic positions throughout the reconstruction
(Odorico and Miller, 1997; Wei et al., 2006). The complex
phylogeny presented in Fig. 2a and b, based largely on
analyses of a single organism, illustrates the limitations
and pitfalls of phylogenetic studies that utilize few cloned
sequences per individual colony. Even the analyses of mul-
tiple clones, as in this case, would not have arrived at a
consensus.

3.2. The utility and significance of using consistently

retrieved rDNA variants

The ‘‘homogenization’’ of the ribosomal array proceeds
principally via the unequal crossing over of chromosomes
at meiosis and/or biased gene conversion (Hillis et al.,
1991). Maintenance of a numerically dominant rDNA var-
iant, or the concerted replacement of it by another, requires
the turnover of many generations (Dover, 1982). The emer-
gence of just one variant copy, however, takes a single gen-
eration and is potentially lost from the population as
quickly as it was gained. These fundamental differences
between the origination of a rare variant and one that is
abundant in the ribosomal array, questions why random
variants, recovered by bacterial cloning, carry the same
phylogenetic weight as variants that appear to be far more
prevalent in the genome.

Many species of Acropora are able to hybridize (Willis
et al., 1997). The exhaustive cloning and sequencing of
intragenomic variants from individuals in a species and
across related taxa has important utility for deducing past
hybridizations, both ancient and recent (van Oppen et al.,
2000; Diekmann et al., 2001; Marquez et al., 2003; Vollmer
and Palumbi, 2004). While such interactions are of interest,
what is the ultimate effect of periodic hybridizations on
dominant rDNA copies shared by individuals in a popula-
tion? Would the evolutionary reticulation observed in ITS
rDNA phylogenies of Acropora spp. be as extensive if low
copy variants were removed from these datasets?

Expanded analyses will be required to determine the
utility of PCR-DGGE rDNA fingerprinting across a wide
taxonomic range of species. By developing and testing a
variety of different primer sets, this method was made to
work on various cnidarians from the Caribbean and
Indo-Pacific (unpublished). Ribosomal DNA fingerprint-
ing has been used extensively to ‘‘type’’ out ecologically,
physiologically, and geographically distinct zooxanthellae
(Symbiodinium) populations (LaJeunesse, 2002; Barneah
et al., 2007; Sampayo et al., 2007), and is being used to dis-
tinguish between morphologically similar zooplankton and
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cultured phytoplankton and morphologically different
forms of both the maze coral, Meandrina meandrites, and
the lettuce coral, Agaricia agaricites (unpublished).

The high degree of intragenomic ITS rDNA variation in
A. valida (Wei et al., 2006) offered an extreme case study
for testing a method that identifies those sequences best sui-
ted for phylogenetic reconstructions. All eukaryotic organ-
isms examined to date contain some level of intragenomic
variation (Buckler et al., 1997; Harris and Crandall,
2000; Parkin and Butlin, 2004; Worheide et al., 2004).
For eukaryotic genomes screening for dominant variants
may provide a critical filter toward identifying a stable
genetic ‘‘signature sequence’’ (a bar-code) that is most rel-
evant to the evolutionary history of a species’ genome.
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