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Abstract. To evaluate the general utility of sequences
of the nuclear rDNA internal transcribed spacer (ITS)
regions for phylogenetic analyses of animal species
groups and their broader relationships, sequences were
obtained for 19 species of the genusHaliotis plus a key-
hole limpet and a more distantly related gastropod, the
Chilean abalone. Three subclades ofHaliotis species ap-
pear consistently, each encompassing little variation.
They are (A) the North Pacific species, (B) the European
species, and (C) the Australia species. The one Caribbe-
an species examined clearly groups with the North Pa-
cific clade, not the European clade.H. midae (South
Africa) andH. diversicolor supertexta(Taiwan) both di-
verge basal to the European and Australian species
groups in the phylogenetic trees. Sequence comparisons
showed that one species ofHaliotis, H. iris from New
Zealand, is quite distant from the remainingHaliotis spe-
cies, almost as much as the more obvious outgroup, the
keyhole limpet, an observation common to other DNA
sequence analyses of these taxa. Using the rate of nucleo-
tide change calculated from the sister Caribbean-Pacific
pair, the length of theH. iris long branch is compatible
with the suggestion that its ancestry became isolated on
New Zealand at Gondwandan breakup. Use of ITS per-
mits a totally independent estimate of the phylogenetic
relationships, yet branching order was very similar to
that established using other DNA regions studied previ-
ously, including those under strong positive selection.

Knowledge of the RNA transcript secondary structure is
particularly useful in the optimal alignment of more dis-
tantly related taxa. The RNA transcript secondary struc-
ture of Haliotis ITS2 shows conservation of features
found also in ITS2 of angiosperms and algal taxa. Since
ITS, particularly ITS2, is not saturated with nucleotide
changes even at the family level, it should be useful for
phylogenetic reconstruction of animal groups, not just at
the species and genus levels but perhaps also for families
and above.

Key words: Abalone — Biological species —Halio-
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Introduction

DNA-based phylogenetic reconstructions of animal gen-
era and species, with conspicuous exceptions (e.g.,
Schlotterer et al. 1994), have relied heavily on sequences
of genes in nuclear rDNA and mitochondrial DNA.
Nuclear rDNA genes display relatively few variant
nucleotide positions at the lowest taxonomic levels,
while mtDNA can discriminate among populations. By
contrast, those intergenic spacer regions of nuclear ribo-
somal genes transcribed into RNA (ITS1 and ITS2) have
proven very useful in evaluating plant, fungal and algal
lineages, from subspecies to family and even ordinal lev-
els (Baldwin 1992). The ITS is relatively conserved in itsCorrespondence to:A.W. Coleman;email:annette_coleman@brown.edu
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evolution, presumably because its transcript secondary
structure provides at least some of the signals that guide
processing into small, large, and 5.8S ribosomal RNA
(Hadjiolova et al. 1994; van Nues et al. 1995). The abil-
ity to predict transcript secondary structure has enhanced
the value of ITS regions for phylogenetic studies since
this insight is important to guiding sequence alignment at
higher taxonomic levels (Mai and Coleman 1997).

Among metazoans, the genusHaliotis was chosen for
this study for two reasons: first, to assess the usefulness
of ITS sequences for reconstructing the phylogenetic his-
tory of an animal group and, second, to compare the ITS
results with known hybridization data for the same spe-
cies. There are about 55–60 recognized species ofHalio-
tis in the world (Lindberg 1992; Geiger 1998, 1999).
Geiger (1999) has summarized the wealth of available
information on morphology, distribution, phylogeny
studies, and the fossil record. Also, the genus has a con-
siderable literature concerning gamete affinities and
cross-fertilization among species, an aspect of species
biology particularly interesting to compare to a phyloge-
netic reconstruction based on ITS sequences. Further-
more,Haliotis is the only animal genus for which DNA
sequences are available from multiple species for two
gene products (one on the sperm and the second on the
egg) that interact at a major step in gamete recognition at
fertilization (Swanson and Vacquier 1998). Thus, it
would be possible to assess the degree of congruence of
phylogenetic estimates based on ITS with those based on
gene regions coding for proteins involved in gamete in-
teraction, where positive selection for coevolution has
been reported.

Species of the genusHaliotis are united by many
morphological characters, probably the most distinctive
synapomorphy being the arc of perforations in the shell.
However, after an exhaustive reinvestigation of morpho-
logical characters inHaliotis species, Geiger (1999) con-
cluded that the radula, epipodium, and hypobrachial
gland structures are all useful to identify species but not
valuable for phylogenetic reconstruction of the evolu-
tionary history in the genus at our current state of knowl-
edge. He further notes that shell characters such as shape,
size, and color are relatively plastic, and not phyloge-
netically useful. Hence, molecular evidence assumes an
important role in phylogenetic reconstruction of species
in this genus.

The ITS analysis has revealed three strongly sup-
ported subclades ofHaliotis, each geographically dis-
crete. The phylogenetic reconstruction is in almost com-
plete agreement with previous molecular analyses as
well as interfertility studies. The recognizable conserva-
tion of ITS RNA transcript secondary structural features,
even in the relatively distantly related gastropod com-
pared here,Concholepas,suggests that the shared sec-
ondary structure features might be very useful to help in
ITS alignment above the genus level when further mol-
lusc sequences are available.

Materials and Methods

The protocol to obtain Internal Transcribed Spacer (ITS) sequences
was similar to that utilized previously (Mai and Coleman 1997; Cole-
man et al. 2001). DNA or tissue (Table 1) was from the same animals
used by Lee and Vacquier (1995); in addition, DNA extracts from
tissue of a specimen each ofH. pourtalesii (specimen 152707 of the
Los Angeles County Natural History Museum),H. roberti, and the
keyhole limpet (Megathura crenulata), and from a juvenile of the
Chilean gastropodConcholepas concholepaswere included for com-
parisons. DNA was extracted by grinding tissue in InstaGene Matrix
(BioRad Laboratories, Hercules, CA) and used as template for poly-
merase chain reactions (PCR) using the following primers:

● Primers for entire ITS-1-5.8S-ITS-2:
“G-FOR” (58-GGGATCCGTTTCCGTAGGTGAACCTGC), a se-
quence in the small subunit rDNA similar to the ITS1 primer of
White et al. (1990), and
“G-REV” (58-GGGATCCATATGCTTAAGTTCAGCGGGT-38) a
sequence in the large subunit rDNA used by Mai and Coleman
(1997).

Three primers specific forHaliotis were:
Hal-FOR (58TGAACCTGCGGAAGGATCATTAACG-38) overlap-
ping G-FOR but extending internally, and
Hal-REV (58AGTCTCGTCTGATCTGAGGTC-38) adjacent but en-
tirely internal to G-REV primer.
ABA-FOR (58CTGCGGAAGGATCATTAACGATATC-38) is a
forward primer extending five nucleotide positions yet more internal
to Hal-FOR.

● Primers located in 5.8S gene:
The major primers were the reverse complementary pair ITS2 and
ITS3 of Whiteet al. (1990).
A-FOR (58-TCGATGAAGAGCGCAGCC-38) was an additional
primer for the 5.8S region that includes one more nucleotide 38 to the
White et al. (1990) ITS2primer.

PCR mixtures utilized 1.25 mM MgCl2 and a PCR protocol as in
Mai and Coleman (1997). Taq polymerase was added only after reac-
tion mixtures had reached the initial 95°C heating step. Bands of ap-
propriate size were gel purified and either used as template for further
PCR reactions or ligated into pT7 Blue vector (Novagen, Madison,
WI), used to transformE. coli, and plasmid with insert was isolated
using the Wizard Plus Miniprep System (Promega, Madison, WI). In-
dividual minipreps were assessed before sequencing both for size of
insert and presence/absence of certain diagnostic restriction endonucle-
ase cut sites found in the 5.8S region ofHaliotis, Xba1 near the 58 end,
andSma1 near the 38 end.

Sequences were obtained for both strands of the ITS and 5.8S
rDNA regions using primers in the vector and the ABI Prism 377 DNA
Sequencer and Big Dye Chemistry protocol. Sequences were aligned
by eye using MacVector and AssemblyLIGN software (Kodak, Inter-
national Biotechnologies, Inc. New Haven, CT) and guided by ITS1
and ITS2 transcript secondary structure derived by methods described
in Mai and Coleman (1997). Transcript folding utilizing the website
www//mfold2.wustl.edu/∼mfold/rna/form1.cgi implementingmfold,
version 3.0 (Zuker et al. 1999), using the default settings.

Phylogenetic analyses of the aligned sequences utilized PAUP*
version 4.0b4a (Sinauer Assoc. Inc., Sunderland, MA) for cladistic
analyses (maximum parsimony; heuristic and branch and bound op-
tions) and distance analyses (Kimura two-parameter matrix, neighbor-
joining algorithm option with minimum evolution criterion). ITS1 and
ITS2 were assessed both separately and together, to see if they were
self-consistent, with all nucleotide positions weighted equally and gaps
coded as missing data. Additional parsimony assessments utilized the
variant of each gap equalling the fifth character. Where intraspecies
variant sites were found, the appropriate IUPAC symbol was used. The
repeatability of results was examined for both parsimony and distance
trees by bootstrap repetitions. Thep values represent pairwise mean
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character distances (adjusted for missing data) as calculated by PAUP*.
Sequences have been deposited in GenBank (Table 1) and the align-
ment is available from TreeBASE as SN789-2181 (http://www.
herbaria.harvard.edu/treebase/).

Results

The standard universal ITS primers do, in fact, amplify
Haliotis ITS, but they also appear to be preferential for
algal, fungal, and protozoan templates over metazoan
ones, and among metazoans, preferential for flatworm
templates versus molluscan. Five of the DNA extracts
from alcohol-fixed testes yielded ITS sequences that
most closely resemble Trematoda, among the GenBank
sequences currently available. The only template DNAs
successful on the first attempt in producing a single,
correct, band from PCR were those where phenol-
chlorofom DNA purification methods were used on
samples of dissected internal tissue, or masses of sperm,
apparently ensuring the predominence ofHaliotis over
foreign DNA, at appropriate high dilution. The Hal-FOR
and Hal-REV primers then gave single PCR bands of the
correct DNA. The ABA-FOR primer is specific for
Haliotis species and did not work on keyhole limpet, nor
even onH. iris, both of which differ in sequence from the
remainingHaliotis species at these positions.

Because no ITS or 5.8S sequences fromHaliotis were
available for comparison, theHaliotis sequences were

identified by their similarity to the 5.8S sequence of the
snail Arion rufus (EMBO # X00131). All Haliotis 5.8S
sequences were identical except forH. diversicolor(one
substitution) andH. iris (three substitutions). The 5.8S of
keyhole limpet differs from the majorityHaliotis 5.8S by
only one substitution. The 5.8S contained no useful in-
formation for phylogenetic reconstruction and was omit-
ted from analyses.

Both the ITS1 and ITS2 of all these organisms proved
similar in lengths and base composition to those typical
of the vast majority of other eukaryote groups (Baldwin
1992; Torres et al. 1990).Haliotis species’ ITS1 was
257–318 nucleotides in length and 51–57% GC; ITS2
was 289–303 nucleotides with 51–58% GC content. The
keyhole limpet ITS1 was 280 nt and 52% GC, and ITS2
was 235 nt with 60% GC. TheConcholepasITS2 was
388 nt in length, an increase primarily due to two inser-
tions with high GC content, producing an overall 62%
GC content. Alignment of theHaliotis species was
straightforward since there is great similarity among the
species’ sequences and little suggestion of saturation in
the data. Only two nucleotide positions in the entire
alignment have all four nucleotides represented, and
these two positions are both in the unusual ITS1 insert
(Table 2). About 5% of nucleotide positions in the align-
ment of all theHaliotis species have three nucleotides
present.

Complete sequences were obtained for all butH. ru-

Table 1. Organisms sequenced

Organism Trivial Name Locale GenBank No.

Class Gastropoda
Order Vetigastropoda, Family Haliotidae
Haliotis sorenseni white La Jolla, CA AF296850
H. cracherodii black La Jolla, CA AF296857
H. kamtschatkana pinto Friday Harbor, WA AF296853
H. fulgens green La Jolla, CA AF296859
H. rufescens#1 red San Diego, CA AF296855
H. rufescens#2 red Mendocino, CA AF296851
H. corrugata pink La Jolla, CA AF296856
H. walallensis flat La Jolla, CA AF296854
H. roberti Cocos I, Costa Rica AF306942
H. discus hannai Japan AF296858
H. pourtalesii Louisiana coast AF296871
H. tuberculata#1 Roscoff, France AF296860
H. tuberculata#2 Naples, Italy AF296861
H. tuberculata lamellosa Greece AF296862
H. roei Australia AF296866
H. scalaris Australia AF296864
H. cyclobates Australia AF296865
H. rubra Australia AF296867
H. midae South Africa AF296863
H. diversicolor supertexta Taiwan AF296868
H. iris New Zealand AF296869
Order Vetigastropoda, Family Fissurellidae
Megathura crenulata keyhole limpet La Jolla, CA AF296849
Order Caenogastropoda, Family Muricidae
Concholepas concholepas abalone, el loco Puerto Montt, Chile AF296870

248



bra (missing ITS2) andConcholepas(missing ITS1).
Clones of ITS were sequenced from at least two separate
PCR reactions from DNA extracts of a single animal of
H. cracherodii, H. kamtschatkana, H. rufescens, H. tu-
berculata, H. roei, H. midae, H. iris,and the keyhole
limpet. Variation in ITS1 of repeats from a single animal
was 0–5 nucleotide substitutions and 0–3 indels; varia-
tion in ITS2 was 0–2 nucleotide substitutions and 0–2
indels. Variation seen between two individuals of the
same species collected at different places (Table 1) was
no greater. The twoH. tuburculata sequences (from
Naples and Roscoff) differed at only one site. The Men-
docino sequence ofH. rufescensrevealed no variants not
already found in the two San Diego sequences of this
species.

Secondary Structure of the RNA Transcript of ITS1
and ITS2

Secondary structures of the RNA primary transcript were
derived for all the sequences, and were essentially iden-
tical for the keyhole limpet and the genusHaliotis, for
both ITS1 and ITS2. The proposed structure was sup-
ported by numerous single nucleotide changes that pre-
served pairing in the paired regions of helix. The sec-
ondary structures were primarily useful in helping align
the keyhole limpet andConcholepassequences with
those ofHaliotis species. They provide structure to help
confirm the correctness of the alignment, since DNA
regions without protein products lack the innate punc-
tuation provided by codon triplets.

The ITS1 transcripts have a secondary structure of six
stem-loops (termed 1, 2, 3, 4, 5, and 6), easily aligned
amongHaliotis species, except for numbers 3 and 6 ofH.
iris (data not shown, available upon request). In addition,
there is a major indel, a 9–38 bp insertion/deletion form-
ing an additional stem-loop between loops 2 and 3. This
indel is the only region in the entire ITS that presented
any question of the most appropriate alignment. The in-
del is entirely absent in the Mediterranean-Atlantic
group, but present in all the other species (Table 2). The
keyhole limpet has at this position four nearly identical
repeats of 18 nucleotides in length.

The secondary structure of the ITS2 transcript, shown
in Fig. 1, was shared by all the organisms, including
Concholepas.It has four stem-loops (termed I, II, III, and
IV), of which loop IV is the most variable. BothH. iris
and the keyhole limpet, compared with the other species,
show nucleotide changes in the mid region of stem III,
affecting both sides of the helix but maintaining pairing.
However, they share with the otherHaliotis species iden-
tical pairings for the basal three pairings of loop I and the
basal five pairings of II. The most highly conserved sub-
sequence in the alignment, identical among all the se-
quences including keyhole limpet, is an 18 nucleotide
stretch on the 58 side of loop III near the tip (Fig. 1); the
only variant is a single transition found inH. iris that
preserves the pairing potential. The ITS2 ofConcho-
lepas, though its alignment with the others was essen-
tially unusable for phylogenetic purposes, nevertheless
had recognizable similarity of secondary structure and
sequence in ITS2, despite two indels that add a 35
nucleotide extension to hairpin loop II and a 53 nucleo-
tide hairpin loop emerging from hairpin loop III.

ITS2 transcript secondary structure has been studied
extensively among other eukaryote groups, and proposed
secondary structures are supported not just by single
nucleotide changes in stems that preserve the capacity to
pair, but also by Compensatory Base Changes (CBCs)
found by comparison among groups of related species.
CBCs are sites of compensatory nucleotide change in-
volving both of the members of a pair in the double helix
of an RNA transcript secondary structure (Gutell et al.
1994); they are considered initial proof of the proposed
secondary structure, as applied so successfully to tran-
scripts of ribosomal genes. The insert in Fig. 1 illustrates
where the relatively conserved pairing positions are
found in other organisms studied. ExceptingH. iris, the
Haliotis species have no CBCs in any of the paired po-
sitions of the ITS2 transcript helices I, II, and III, al-
though there are a number of one-sided changes that
compensate to maintain the helix pairing with the oppo-
site strand.H. iris, by comparison with the otherHaliotis
species, has a multiplicity of compensatory base
changes; for example it has two CBCs near the terminus
of loop 1, one at the terminus of loop II and an extended

Table 2. ITS1 insert sequences

all N. Pacific spp. .amwc>GGGGtGcAAGCgcgcGCTTCtCCCC<...................agtcg.
Med-N. Atlantic spp. ............ .............................................................. ................................
H. midae(So. Af.) .agtw>GGGGttGAAGCgcgcGCTTCtCCCC<c................gatcg.
H. scalaris(Aust) .agta>GGGGttGAAGTgcgcGCTTCtCCCC<gaacgc ....gatcg.
H. cyclobates(Aust.) .agta>GGGGttGAAGTgcgcGCTTCtCCCC<gaacgctcgatcg.
H. roei (Aust.) .agta>GGGGttGAAGTgcgcGCTTCtCCCC<gaacgctcgmtcg.
H. rubra (Aust.) .agta>GGGattGAAGTgcgcGCTTCtcCCC<gaacgctcgatcg.
H. divers.(Taiwan) .ttcg>GGGgttGAAGTgcgcGCTTCtaCCC<a ..............................
H. iris (New Z.) ............>GTTAttTGGC<.........................................................attg.

M 4 A or C, W 4 T or A, period4 space inserted for alignment; carets mark 58 and 38 boundaries of stem-loop; upper case nucleotides form
the pairings in the RNA transcript. “All N. Pacific”4 subclade A. Med-N. Atlantic4 subclade B.
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(30 ntp) region of difference in the middle of the stem of
III. These strongly support the transcript folding for at
least loops I, II, and III.

Phylogenetic Reconstructions by ITS Comparisons

The ITS1 plus ITS2 alignment totals 716 nucleotide po-
sitions, of which 431 are variable, but only 113 of these
are parsimony informative. Searches using either the
heuristic or the branch and bound option of parsimony,
ignoring indels, all produce the same 435 most parsimo-
nious trees of 610 steps for the alignment. The 50%
majority rule cladogram shown in Fig. 2 is derived by
parsimony analysis, and illustrates the characteristics
common to the various analyses. The data here include
all Haliotis species exceptH. rubra (omitted because the
ITS2 is lacking), plus the keyhole limpet, and all sites in

ITS1 and ITS2. Three major subclades consistently
showing high bootstrap support are labelled A, B, and C,
and represent, respectively, North Pacific (plus Caribbe-
an), European (Mediterranean plus Eastern Atlantic), and
Australian species. These same subclades are supported
by all analyses, whether ITS1, ITS2, or both are in-
cluded, whether polymorphic nucleotide positions are
excluded or not, and whether the parsimony, or distance
with minimum evolution, criteria are employed. Coding
gaps as a fifth nucleotide also produces all the clades
seen with greater than 80% bootstrap support in Figs. 2
and 3.

Of the additional threeHaliotis species not included
in subclades A, B, and C in Figs. 2 and 3, two,H. midiae
andH. diversicolor,are both positioned just ancestral to
subclades B and C in the various trees, but to various
degrees, depending upon the method and whether ITS1,
ITS2, or the combined data are used. Figures 2 and 3
illustrate two of their positionings, and a common third
arrangement is withH. diversicolorbranching basal to
H. midiae,followed by subclade C.

With respect to the final species,H. iris from New
Zealand, there is only one placement. In all parsimony
and distance derived trees, all theHaliotis species except
Haliotis iris are united into one clade with 100% boot-
strap support. Figure 3, a distance tree (Kimura two-
parameter matrix, neighbor-joining algorythm) utilizing
all the Haliotis species and both ITS1 and ITS2, illus-
trates the most visually striking aspect of the data, the
basal trichotomy of long branches separating keyhole
limpet from H. iris from all the remainingHaliotis spe-
cies. These branch lengths are 4–10 times longer than
those in any more terminal parts of the trees. The pair-
wise comparison values illustrate the basis of the phe-
nomenon [forH. iris versus otherH. spp, p4 .48–.49
for ITS1,p 4 .45–48 for ITS2; for keyhole limpet versus
non-iris H. spp, p4 .50–.54 for ITS1,p 4 .38–.40 for
ITS2; for H. iris versus keyhole limpet,p 4 .59 for
ITS1, p 4.46 for ITS2].

The tree in Fig. 3 also emphasizes visually how little
variation there is within subclades A, B, and C. For the
North Pacific species, the range ofp 4 0–.049 in ITS1,
p 4 0–.044 in ITS2; for the European species no differ-
ence in ITS1 andp 4 .003 in ITS2; and for the Austra-
lian speciesp 4 .014–.017 in ITS1,p 4 .014–.020 in
ITS2. Although variation within subclades A, B, and C is
limited, it still contributes to hierarchical structure, best
understood by relation to the transcript secondary struc-
ture. For example, in ITS2 of clade A, there are 25 vari-
able sites, of which eight are parsimony informative. All
but one of these eight sites are found in single stranded
regions of the secondary structure. This might be ex-
pected since positions remaining unpaired in the tran-
script secondary structure are known in other organisms
to evolve at a significantly higher rate than those paired
in transcript helices. The eighth parsimony informative

Fig. 1. Diagram of the secondary structure of the RNA transcript of
ITS2 ofH. rufescens(dG4 135.9). The four hairpin loops are labelled
I, II, III, and IV. Pyrimidine-pyrimidine pairings in II (arrows) and the
region of highest primary sequence conservation on the 58 side of III
(solid line) are designated. Arrowhead designates a nucleotide position
mentioned in the text that alternates between C and U, always pairing
with the G opposite. Inset: cartoon illustrating with heavy lines the
regions of highly conserved pairings, compared with other phyla (Cole-
man 2000).
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site is located in a helix found in the stem-loop of ITS2
loop I (arrowhead, Fig 1). Half of the North Pacific spe-
cies sequences have a U inthis position, pairing with a G
in the transcript. This position has a C (pairing with the

same G) inH. corrugata, H. discus hannai, H. pourtale-
sii, H. roberti, and H. fulgens,and all the non-North
Pacific species ofHaliotis as well. If truly a synapomor-
phy, this would suggest thatH. cracherodiishould join

Fig. 2. Fifty percent majority rule consensus tree, obtained after 500
bootstrap repetitions for ITS1 + ITS2 parsimony analysis (heuristic,
TBR default) with gaps coded as missing. Above the lines, percent
frequencies greater than 50 are shown. Below the lines are shown 50%

consensus bootstrap values for the same data including gaps as a fifth
base for, respectively, ITS1 + 2, ITS1 only, or ITS2 only. Brackets
indicate the three subclades (A, B, and C). The HI4 0.11, and CI I4
0.92.H. rubra was omitted because ITS2 was not available.
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the clade of four otherHaliotis species (H. sorenseni, H.
rufescens, H. walallensis,andH. kamtschatkana) in sub-
clade A. In Fig. 3, its position is different, but with only
low bootstrap support.

Two additional aspects of the insertion/deletions de-
serve special attention. The first is the presence or ab-
sence, and sequence, of the indel of ITS1 shown in Table
2. This indel is extremely phylogenetically informative,

Fig. 3. Fifty percent majority rule tree obtained from 1000 bootstrap
replicates by the distance, Kimura two-parameter, neighbor-joining
analysis, using minimum evolution objective, for ITS1 and ITS2. For
this analysis, all positions found variable within a species were omitted.

The HI 4 0.09 and CI4 0.91. Major subclades are designated as in
Fig. 2. H. rubra is included here to illustrate its position; the lack of
ITS2 has little effect, presumably because there are only four variable
positions among all the Australian ITS2 sequences.
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and could be utilized alone to create the trees. The sec-
ond aspect, the position and length of minor indels, all in
single stranded regions, is less informative. The charac-
teristics of these indels, absence or presence as well as
length, support the branching patterns in Figs. 2 and 3, as
shown by coding gaps as a fifth state for parsimony
analysis. Most of these indels actually reflect increase or
decrease in homopolymer stretches of sequence, presum-
ably reflecting the propensity for slippage during DNA
replication over evolutionary time. Three indels in ITS1
involve homopolymers (0–5 T’s between stem-loops 3
and 4, or 0–7 A’s between stem-loops 4 and 5, or 0–3 T’s
distal to stem-loop 6). In ITS2, no similar polynucleotide
tracts appear, but the presence or absence, and sequence,
of insertions/deletions in terminal loops of I (2 nt), III (5
nt), and a bulge on the 38 side of III (4–6 nt) fully support
the reported clades.

Discussion

ITS As a Phylogenetic Tool

The extent of concerted evolution.Ribosomal repeats
exist in multiple tandem copies in the genome. It is ob-
viously important to have some estimate of how effec-
tively concerted evolution (Hillis et al. 1991) has homog-
enized the many copies in an individual. Past experience
suggests that, other than in known recent hybrids (Camp-
bell et al. 1997; Coleman, in preparation), homogeniza-
tion, as detected among ITS copies from the same indi-
vidual, is nearly perfect. At most, there are 1–5
nucleotide substitutions, located in regions showing
single-stranded structure in the RNA transcript second-
ary structure. The same generalization seems to apply to
theseHaliotis ITS sequences. No more than five variant
positions were found in any individual, and the diversity
of repeats observed between two individuals of one spe-
cies was no greater.

A further question is whether any of the seventeen
nucleotide polymorphisms found within a species, or by
repeat sequencing of an organism (eleven in ITS1, six in
ITS2), might be attributed to Taq polymerase error. Such
error would be expected to occur randomly throughout
the sequence. However, all but two of the positions dis-
playing polymorphisms, either intra-individual or intra-
species, are located in regions that remain single stranded
in the RNA transcript secondary structure (Fig. 1). Since
single stranded positions comprise only about 37% of
ITS1 and 30% of ITS2, the polymorphisms are not ran-
domly distributed. Positions remaining single stranded in
the RNA transcript are not under selection for pairing,
and at least some may be free to vary between two tol-
erated nucleotides, explaining the polymorphisms. Over-
all, with the maximum variation found within a species
being five positions for the entire ITS1+2 (totaling 716

positions), it appears that concerted evolution is suffi-
cient to keep all but a very few ITS positions homoge-
neous within a species ofHaliotis.

ITS2 transcript secondary structure among eukary-
otes.Secondary structure of the ITS2 RNA transcript has
been analyzed most extensively among sets of related
species in the green lineage of evolution (Coleman
2000); it appears that a common transcript folding pat-
tern is exhibited fromChlamydomonasto the flowering
plants. TheHaliotis ITS2 transcript secondary structure
shows a remarkable similarity (compare Fig. 1 here to
Fig. 3 of Mai and Coleman 1997) to that found in the
other species groups where ITS2 secondary structure has
been derived by extensive species comparisons (Mai and
Coleman 1997; Coleman 2000). Not only does theHalio-
tis ITS2 transcript form four stem-loops, the fourth of
which is by far the most variable, but two other hallmark
characteristics are present. Typically, the second hairpin
loop has a pyrimidine-pyrimidine bulge in the fourth,
fifth, sixth, or seventh pairing position.Haliotis ITS2 has
a pyrimidine-pyrimidine bulge at pairing position 4 and
at pairing position 7 from the base of stem II (Fig. 1,
arrows) and so also does the keyhole limpet structure.
Also similar is the location on the 58 side of hairpin loop
III of the longest absolutely conserved region of primary
sequence among even taxonomically distant relatives. At
exactly this position, all theHaliotis species and the key-
hole limpet have their longest shared nucleotide se-
quence, 18 nucleotides, identical with the exception ofH.
iris (one nucleotide substitution, a transition that pre-
serves pairing). EvenConcholepasretains a ten nucleo-
tide sequence of identity in this precise position of the
secondary structure.

Unfortunately for our purposes, Haliotidae is a mono-
generic family, and no ITS sequences of other molluscs
of the same order are yet available for comparison at
higher taxonomic levels. However, the remarkable simi-
larity of keyhole limpet andHaliotis ITS, as well as the
observation of recognizable sequence and secondary
structure similarity withConcholepas,suggest that
knowledge of comparative secondary structure of ITS2
regions could greatly aid in guiding alignment of se-
quences from different families of molluscs to obtain the
maximal amount of phylogenetic information.

Comparisons with otherHaliotisphylogenetic studies.
Reconstruction of the phylogenetic history of theHalio-
tis species has been attempted previously, using both
gene loci and other aspects of DNA. For example, a
tandem repeat of undefined function is present in the
nuclear DNA in certainHaliotis species (H. rufescens,
sorenseni, kamtschatkana, walallensis,and corrugata),
but is not present in DNA ofH. cracherodiior H. fulgens
(Muchmore et al. 1998). The placement ofH. crachero-
dii andH. fulgensin Figs. 2 and 3 does not conflict with
a possible single acquisition of this DNA character.
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With respect to particular genes and their associated
regions, phylogenetic reconstructions are available for
the cDNA sequences of the sperm protein lysin, the
flanking 38 untranslated sequence of lysin (Swanson and
Vacquier 1998; Lee et al. 1995), the 18 kD protein re-
lated to lysin (Vacquier et al. 1997), and themtCOI gene
(Metz et al. 1998). In the North Pacific species ITS sub-
clade (A), the foursome of California species grouped
together in Figs. 2 and 3 also group together in trees
for these four additional loci. Trees of all four loci also
locateH. fulgensbasal to the remaining California spe-
cies, but with low bootstrap support except in the case
of lysin. This same result is seen in Fig. 3, but lack-
ing strong bootstrap support. The pairing ofH. corru-
gatawith H. discus hannai,exclusive of other species, is
supported by moderate bootstrap levels in Figs. 2 and 3.
This pairing has less than 50% bootstrap support in trees
from lysin and its flanking 38 region, but appears in
the mtCOI tree (somewhere between 50–70% bootstrap
support). No comparison is available for the more
strongly supported pairing in Figs. 2 and 3,H. roberti
with H. pourtalesii,since no previous study has utilized
a Caribbean species (H. pourtalesii). The prior studies
support no other exclusive pairings among subclade A
species.

For lysin and its flanking 38 sequence, where a more
worldwide selection of species was included, exactly the
same three strongly supported subclades, A, B, and C,
are found in all the trees, and subclade A is separated
from subclades B and C by a branch with 100% boot-
strap support, as in the ITS results. The location ofH.
diversicolor is basal toH. midae,and both are basal to
subclades B and C, although this positioning has rela-
tively low bootstrap support for both lysin and its 38
sequence. As in the ITS analysis,H. iris is on a long
branch, associated with the subclade A species in the
lysin analyses and with the other species in the lysin 38

untranslated sequence study. Trees in both studies are
unrooted.

Overall, there are no conflicts between the ITS analy-
ses and the consensus of previous phylogenetic recon-
structions using other DNA loci. These congruencies
among all the DNA sequencing analyses are perhaps the
more remarkable since ITS has been assumed to evolve
neutrally with respect to speciation mechanisms while
lysin is one of the best examples of a gene evolving
rapidly under strong positive selection for speciation (cf.
Ting et al. 2000). Lysin appears to evolve 4–50 times
faster than the fastest evolving proteins common to mice
and humans (Kresge et al. 2001). In sum, not only is the
ITS phylogenetic reconstruction as resolved in its robust
support of clades as those derived from other DNA stud-
ies, but also it is strongly supported by the unusual ITS1
indel.

ITS Similarity Versus Interbreeding Results inHaliotis

From the ITS analyses, the North Pacific species appear
to be closely related. If so, it is of interest to examine
whether they can potentially interbreeed successfully.
Four papers (Lyon and Vacquier 1999; Leighton and
Lewis 1982; Hoshikawa et al. 1998; Vacquier and Lee
1993) present results from various experimental pairings
of eight North Pacific species. These include data on
frequency of fertilization in interspecies pairings and ti-
ter of lysin needed for vitelline envelope dissolution.
Most reciprocal pairings, but not all, produce similar
results in terms of percent fertilization. In every case
attempted, at least some fertilization was reported, using
standard concentrations of sperm; however the signifi-
cance of such data may be limited by the fact that, in
Haliotis, it is known that high densities of sperm will
effect fertilization in crosses (Leighton and Lewis 1982).

Table 3. Known hybrid animals.

wht red pk grn pnto flt blk disc mad giga rub laev

wht x
red ZM x
pk ZmZ ZM x
grn ZmZ ZM x
pnto ZmZ Zm ZmZ x
flt ZmZ ZmZ Zm ZmZ x
blk ZmZ x
disc ZmZ x
mad zm x
giga zm zm x
rub x
laev ZmZ x

Where no data are presented below the diagonal, no attempts at crosses have been reported.
x 4 parentals, ZM4 mature F1, Zm 4 small numbers of mature F1, ZmZ 4 rare mature F1, zm 4 F1 reported, maturity unknown, giga4 H.
gigantea(Japan), laev4 H. laevigata(S. Australia), mad4 H. madaka(Japan).
From experimental crosses: disc, pnto ((Lyon and Vacquier 1999); disc, mad, giga (Sakai, personal communication); rub, laev (Brown 1995).
From analysis of shells: wht, red, pk, grn, pnto, flt (Owen et al. 1970).

254



Table 3 compiles the available data concerning
postzygotic development of hybrids among ten species
of the North Pacific clade and two species of the Aus-
tralian clade, including all cases where development has
occurred and, where known, if hybrids mature. Obvi-
ously, the frequency of hybrid adults found in nature
must reflect a combination of opportunity and genetic
potential. Although many potential crosses have yet to be
attempted experimentally, one might infer from the table
that the North Pacific species are capable of some mini-
mal level of gene exchange, at least under experimental
conditions, since hybrid animals develop to maturity.
Unfortunately, almost no backcrosses have yet been re-
ported. Interestingly, the five crosses producing the low-
est F1 survival all involved H. fulgensas one parent
(Leighton and Lewis 1982). This parallels the basal
branching ofH. fulgenswith respect to the other repre-
sentatives of subclade A. The Australian species inter-
cross successfully but may or may not be compatible at
all with North Pacific species, since there are no recorded
attempts at crossing. No data are available concerning
crosses between taxa from Europe (subclade B). Within
subclades A and C, then, postzygotic barriers to inter-
breeding are not yet fully developed.

Transcript secondary structure characteristics permit a
second type of comparison with other eukaryotes. In all
the other eukaryote groups where a broad array of spe-
cies has been compared for both ITS2 sequence second-
ary structure and tested for any vestige of interspecies
sexual compatibility, an interesting correlation has been
found. When sufficient evolutionary distance has accu-
mulated to produce even one CBC in the relatively con-
served pairing positions of the ITS2 transcript secondary
structure, taxa differing by the CBC are observed experi-
mentally to be totally incapable of intercrossing (re-
viewed in Coleman 2000). This general observation is
presumably true also forHaliotis, since the only species
displaying an ITS2 CBC with respect to the remainder of
the genus,H. iris, is almost certainly completely sexually
isolated from all the others.

An understanding of how recently diverged the Cali-
fornia species are is important to ongoing studies of their
genes active in gamete recognition. For example, in or-
der to focus experimental studies on secondary and ter-
tiary structure of lysin, it is valuable to be able to dis-
tinguish biologically important regions of sequence
difference between species from any variation that pre-
sumably has little effect, as suggested by its showing
significant variation even within a species. Leeet al.
(1995) reported finding no more than three nucleotide
differences in the lysin gene between individuals of a
species, but two subregions that varied between closely
related species. Subsequently, Lyon and Vacquier (1999)
exchanged one of these, the 38 terminal sequence of
sperm lysin, between the genes of two closely related
species and quantitated the abilities of these chimeric

lysins to dissolve homologous and heterologous egg vi-
telline envelopes. Their results confirmed the importance
of the 38 terminal species-specific sequences of lysin in
vitelline envelope dissolution. The other region of the
gene sequence predicted to be important to gamete in-
teraction in pairings between the California species has
not yet been tested experimentally. In addition, there is a
major disjunction in similarity between the lysin se-
quences of the North Pacific species compared to those
of the remainingHaliotis species in Fig. 2 of Lee and
Vacquier (1995), which might represent a degree of evo-
lutionary change resulting in no gamete interaction at all.

Evolutionary History and Biogeography

The branching pattern of the Taiwan-Australia-South Af-
rica assortment of species remains unresolved. From this
limited data set one might conclude that the common
ancestor of theHaliotis species had a major ITS1 insert
(Table 2), and that all the North Pacific species diverged
fairly recently from one ancestral type, hence their uni-
formity for this insert. The Mediterranean-Atlantic spe-
cies is likely derived from a different ancestor, one that
had lost the insert. If this interpretation is correct, then
the ancestral relationship of Australian-Taiwan-South
Africa species, all containing one or another variant
forms of the insert, will only be sorted out when some of
the numerous smaller abalone species of the Indo-
Malayan Archipelago, the most species-diverse area for
abalone (Geiger 1999), have been sequenced and com-
pared. The bias of interest has been toward the larger,
North Pacific species, of great economic importance.

The earliest recognizableHaliotis fossils are upper
Cretaceous (about 70 mya) from the Caribbean/
California region, although there are fossil shells known
from 200 mya with a perforation similar to those in aba-
lone, suggesting an earlier beginning for the family
(Lindberg 1991). The fossil record also suggests that the
Pacific clade was present and fairly widespread as early
as 5 mya (Lindberg 1992). The most interesting phylo-
genetic result of the ITS analyses is the robust inclusion
of H. pourtalesii (from the Caribbean) in the otherwise
North Pacific clade, not with the Mediterranean-Atlantic
clade. TheH. pourtalesii/H. robertipair differ at a total
of only ten nucleotide positions in ITS1 and ITS2. This
observation implies that relatively little sequence change
has occurred in ITS, at least since the rise of the Meso-
American land bridge 3–3.5 million years ago. If this
interpretation is correct, it provides a landmark date for
their vicariance.

The present ITS analysis, and prior DNA studies as
well, suggest that the New Zealand species,H. iris, is
evolutionarily distant from all the other species of the
genus. This could merely be a case of rapid evolution
producing a long branch, or it might possibly reflect an
ancient isolation of the lineage leading toH. iris. If the
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latter is the case, the length of theH. iris branch must be
sufficient at least to satisfy the known timing (about 80
mya) of the isolation of New Zealand from other land
masses. A very rough test of this latter explanation can
be made by calculating the rate of ITS change since the
Meso-American vicariance event, and then, assuming a
constant rate of ITS change, using this rate to assess the
length of theH. iris branch.

If one brackets the timing of the separation ofH.
roberti from H. pourtalesii in the range of 3–4 mya,
knowing their ITS1+ITS2 difference (p 4 0.0173), one
obtains a rate of nucleotide substitution of 0.0029–
0.0022 per million years (0.0173 divided by 2 to estimate
the distance from the branch point, and the result divided
by either 3 my or 4 my, respectively). These rates mul-
tiplied by 80 my give 0.232–0.176 minimal expected
branch length from the node separating isolated New
Zealand species from other species. The observed differ-
ence betweenH. iris and the remainingHaliotis species
is 0.478 (range ofp 4 0.471–0.486), which divided by
two (to obtain the branch length from the node) is 0.239.
This is longer than the minimum required to fit the hy-
pothesis (0.232–0.176). Thus, it appears that the remote-
ness ofH. iris may reflect the isolation of its ancestry
since the separation of New Zealand from any other land
mass, although other explanations are always possible. If
the rate of nucleotide substitution is extended into the
past, it yields a possible ancestor common to all the
living species ofHaliotis at ca. 83–111 mya. Although
such calculations are subject to assumptions at each step,
the result is remarkably compatible with the fossil record
and history of continental drift. Perhaps additional DNA
information from southern hemisphere abalone will illu-
minate the position ofH. iris from New Zealand, the
species that now appears from DNA studies to be so
distantly related.
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