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ABSTRACT
Ascidians, primitive chordates that have retained
features of the likely progenitors to all vertebrates, are
a useful model to study the evolutionary relationship
of chordates to other animals. We have selected the
well characterized ribosomal RNA (rRNA) genes to
investigate this relationship, and we describe here the
cloning and characterization of an entire ribosomal DNA
(rDNA) tandem repeat unit from a lower chordate, the
ascidian Herdmania momus. rDNA copy number and
considerable sequence differences were observed
between two H. momus populations. Comparison of
rDNA primary sequence and rRNA secondary
structures from H. momus with those from other well
characterized organisms, demonstrated that the
ascidians are more closely related to other chordates
than invertebrates. The rDNA tandem repeat makes up
a larger percentage (7%) of the genome of this animal
than in other higher eukaryotes. The total length of the
spacer and transcribed region in H. momus rDNA is
small compared to most higher eukaryotes, being less
than 8 kb, and the intergenic spacer region consists
of smaller internal repeats. Comparative analysis of
rDNA sequences has allowed the construction of
secondary structures for the 18S, 5.8S and 26S rRNAs.

INTRODUCTION
The genes that code for the three rRNA molecules found in the
ribosome from higher eukaryotes are transcribed as a single unit
by RNA polymerase I (1, 2). The transcription unit, consisting
of the 18S, 5.8S and 26S/28S rRNA genes, is tandemly repeated
many times, with copy number per haploid genome ranging from
about 50 to 10,000 in different species (3). Separating each rRNA
cistron is a non-coding spacer DNA, termed the non-transcribed
spacer (NTS) or intergenic spacer (IGS), which is often made
up of smaller internal repeat units (4, 6). Although rRNA genes
are conserved throughout evolution, the rDNA length varies
considerably among higher eukaryotes, ranging in size from 7.2
kb in the nematode, Caenorhabditis elegans (7), to 44 kb in the
rat (8). The major source of variation is length differences in
the IGS (9).
The pioneering experimental work on the secondary structure

of ribosomal RNA was carried out on the 16S and 23S subunits
of E. coli (reviewed in 10). Although the structures of the core
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regions are conserved in all organisms, the cytoplasmic rRNAs
of eukaryotes are larger than those of prokaryotes. This is the
result of an initial insertion of blocks of sequence into the rRNA
genes and subsequent extension of helices and loops within these
blocks (9, 11). Consequently, these regions have been termed
expansion segments (12). The locations of expansion segments
are conserved in eukaryotes, although sequence is not. The
original higher eukaryotic secondary structure models, the 18S
rRNA from Xenopus laevis (13) and Artemia salina (14), and
the 28S rRNA from Xenopus laevis (12) and mouse (15), were
constructed based on comparative analyses and thermodynamic
stability.
The tadpole larva stage of ascidians is considered to be a living

representative of the original progenitor to all vertebrates. The
relationship of ascidian larvae with chordates is based on the
presence of notochord-like cells in the tail, a hollow dorsal nerve
cord and a cerebral vesicle (16, 17). Although the ascidian is
one of the more studied organisms in developmental biology (18,
19), very little is known about the composition and structure of
the genome of these animals. We have cloned and characterized
an entire tandem rDNA repeat unit from the ascidian Herdmania
momus and have constructed secondary structure models for the
18S, 5.8S and 26S rRNAs in order to obtain a better
understanding of the phylogenetic relationships between chordates
and other eukaryotes. Primary sequence and secondary structure
of conserved and divergent regions are compared with known
vertebrate and invertebrate rRNA genes.

MATERIALS and METHODS
Isolation of rDNA
Herdmania momus (suborder Stolidobranchia, family Pyuridae)
were collected from Heron Reef, Great Barrier Reef and from
Middle Reef, Stradbroke Island, Queensland, Australia. Pyura
stolonifera (suborder Stolidobranchia, family Pyuridae) (20) were
collected from the tidepools at Hastings Point, New South Wales.
Gonads from the hermaphrodites were dissected, placed in
millipore filtered sea water, and teased apart, releasing sperm
and oocytes. DNA was extracted from sperm by lysing in NETS
(100 mM Tris-HCl, pH 7.6, 200 mM NaCl, 40 mM EDTA, 2%
SDS, 250 yg/ml Proteinase K (Boehringer-Mannheim)), followed
by phenol/chloroform extraction (21), and purified by CsCl
isopycnic gradient centrifugation (22).
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High molecular weight DNA from H. momus (Heron Reef)
was digested with different restriction endonucleases (Promega)
and satellite DNA from each digest was gel purified (21). DNA
fragments were ligated into the appropriate restriction sites of
Bluescript, pSK+ (Stratagene). The recombinant clones were
screened using random prime-labelled, H. momus XbaI satellite
DNA (8kb). Inserts were hybridized to Southern blotted H.
momus genomic DNA to check their authenticity (21).

Characterization and sequencing of cloned rDNA
Two recombinant plasmids, one containing an 8.0 kb PstI insert,
designated pHRP75, and the other a 4.4 kb Clal insert, designated
pHRC44C, were shown to hybridize to the major satellite band
of H. momus DNA. Each insert was restriction mapped and
shown to be homologous with the other by Southern blot
hybridization (21). Sequencing of pHRP75 and pHRC44C was
performed by the dideoxy chain termination procedure (23) using
ssDNA template produced from the pSK+ helper phage system
(Stratagene). A strategy using a combination of subcloned
fragments and nested unidirectional deletions (24), was used to
sequence both pHRP75 and pHRC44C (Fig. 1B). Sequence
differences between the two fragments were noted. At least two
sequencing reactions were performed for DNA obtained from
separate subclones of the same fragment. To ensure no loss of
sequence data at the subcloning sites, other clones were
constructed to ensure sequence was read through the restriction
sites.
Secondary structures for the small subunit were based on the

models of Nelles et al. (14), Gutell et al. (25) and Neefs et al.
(26), and for the large subunit on the models of Michot et al.
(15), Gutell and Fox (27) and Gutell et al. (28). The H. momus
sequence was aligned to identify conserved and divergent regions.
Expansion regions that could not be constructed using
comparative analysis were determined on the basis of
thermodynamic stability (29).

Genome size and rDNA copy number
The genome size of the two populations of H. momus and P.
stolonifera were determined by 33258 Hoechst dye fluorescence
(Hoeffer Fluorometer) of DNA (30) from a known number of
sperm. Sperm, from five individuals, were purified from oocytes
and other gonad debris by filtering through 60 jzm nylon mesh,
counted on a haemocytometer, pelleted by centrifugation at 5000
g for 5 min, and resuspended at 2 x 109 sperm/ml with sterile
sea water. Sperm were then lysed by the addition of an equal
volume of NETS, vortexed vigorously, freeze/thawed, and
adjusted to the equivalent of 108 sperm/ml with the addition of
TEN (10 mM Tris-Cl, pH 7.6, 0.1 mM EDTA, 100 mM NaCl).
The fluorescence of the lysed sperm samples was measured and
related to a standard curve using ng levels of H. momus DNA
and 33258 Hoechst dye. The amount of DNA/sperm and hence
per haploid genome, was calculated.
rRNA copy number per haploid genome was determined using

quantitative filter hybridization with dot-blotted genomic and
plasmid DNA using a number of rDNA probes (31). High
molecular weight DNA from the ascidians and pHRP75 were
freeze/thawed repeatedly in order to shear the DNA and nick
the plasmid, and aliquotted, in triplicate, in the range 6 to 50
ng for the ascidian DNA and 0.5 to 4 ng for pHRP75. XDNA
was added to each aliquot so that the final amount of DNA was
100 ,tg. Samples were alkali denatured and dot blotted following
standard protocols (2 1). Two random prime-labelled rDNA
probes were hybridised to the dot blotted DNA; an XbaI/SacI

fragment (18S) and an XhoI/EcoRI fragment (26S), both from
pHRP75. Counts hybridizing to each DNA dot were measured
and a standard curve was constructed from the hybridization
profile to pHRP75. From this curve, genomic copy numbers were
determined and related to the amount of DNA on the filter, and
hence number of haploid genome equivalents.
Other analyses
H. momus (Heron) rDNA probes were used in qualitative
Southern blot analysis (21) to compare H. momus (Heron Reef)
to H. momus (Middle Reef) and P. stolonifera. Probes used were
pHRP75 and the ClaI/PvuII IGS fragment from pHRP75. The
genomic DNAs were pooled from at least five individuals of each
group of animals.

RESULTS
rDNA cloning and sequencing
Digestion of DNA from the ascidian H. momus with PstI, and
Xbal, resulted in a single restriction satellite band about 8 kb
in size, while digestion with a number of other restriction enzymes
generated smaller, more numerous satellite bands (Fig. IA). The
major satellite was cloned from PstI (Fig. lA) and Clal digested
DNA (not shown), checked by hybridizing back onto genomic
DNA and restriction mapped. The restriction maps of pHRP75
(PstI fragment) and pHRC44C (Clal fragment) are shown in Fig.
lB.
The complete sequence of an entire rDNA unit was determined

from pHRP75 and pHRC44C (Fig. 2). The arrows below the

Figure 1. (A) Hybridization of pHRP75 to restriction enzyme digested H. momnus
genomic DNA. The left hand panel shows ethidium bromide stained genomic
DNA and the right panel the hybridization patter. M, markers; P. Pstl; V, PvuH;
X. Xbal; E. EcoRi, S. Sacd; B. Bglll. (B) Sequencing scheme of pHRP75 and
pHRC44C. Restriction maps of pHRP75 and pHRC44C are shown in relation
to the rDNA tandem repeat. Note that an arrow' does not represent a single
subclone, but is representative of the sequencing of at least two subclones. On
average. 400 -450 bases were read from ssDNA template with a double loading
on a 50 cm gel. A, AccI; B, BglII, C, Clal; E, EcoRI; N, NcoI; P, PstI; Pv,
PvuII; S, Sacd; X, XhoI; Xb, XbaI. IGS, intergenic spacer; ETS, external
transcribed spacer; ITS 1 and 2, internal transcribed spacers.
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restriction map identify the fragments that were sequenced (Fig. gene. In the region where minor differences were observed, the
iB). The entire 18S rRNA gene was sequenced in both clones sequence presented is that for clone pHRC44C.
and these were shown to be greater than 99% identical. Based on sequence similarity with other higher eukaryotes, the
Fragments from pHRP75 were used exclusively to sequence the putative ends of mature 185, 5.8S and 26S were determined (Fig.
3' end of the 26S rRNA gene and most of the IGS, and fragments 2A). The boundaries are estimations and further analyses are
from pHRC44C were used to exclusively sequence the 5.85, required to map exact sites of cleavage of the precursor rRNA.
internal transcribed spacer 2 (ITS 2) and the 5' end of the 26S The total length of the rDNA tandem repeat is 7,967 bp and has

TATCTGGTTG ATCCTGCCAG TAGTGATATG CTTGTCTCAA GATTAAGCCA TGCAGGTGTC GAGTTGTCGT AAAGTGAAAC GTCGAAACGG CTCATTAAAT 100
CAGTCTTGGT TTATTTGGTC TTGTGAGCGA AGTGATAACT GTGGGCTCTA GAGCTAATAC ATGCCATCAA GCGCCGACTT CGGGAGGGGC TGCTTTTATC 200
AGATCAAAAA CCCTCCCGCC GCTATCCGGC CCAGGTCCGA TGACTCTGGA TAACCATATG CGAGATCGCA TGGTTCTTGC ACCGGCGACG AATCATTCAA 300
GTGTTCTACC CTATCAACTT TTCGAAGGTA CGTTTAGTGC CTACCTTTGT GAATAACGGG TGACGGGGAA TCAGGGTTCG ATTCCGGAGA GGGAGCCTGA 400
GAGACGGCTA CCACATCCAA GGAAGGCAGC AGGCGCGCAA ATTACCCATT CCCGACACGG GAGGTAGTGA CGAAAATAAC AATACAGGAC TCTAACGAGG 500
CTCTGTAATT GGAATGAGTA CATTCTAAAC TCTTAACGAG TATCCTTGGA GGGCAAGTCT GGTGCCAGCC AGCCGCGGGT AATTCCGACT CCAACAGTGT 600
ATGCTAAAGT GGTTGCGGTT GAAAAGTCGT AGTTGGATCT GGGTGGGTGT CGTCGGTCGG TCCOTCGCAA GGCGTGTCAC TGGCGGCGGC GCTGCCTCGT 700
ATTCGGTTCT TCGTCGGTGC TCTTGACTGA GTGTCGGCGC TGGCCGGAAA AGTTTACTTT GAAAAAATTA GAGTGTTCAA AGCAGGCTGT GCCTGCATAT 800
GTTGCATGGA ATAATGGAAT AGACCTCCTT TTCTATTTTG TTGGTTTTCG GAGCACGAGG TAATGATTAA GAGAGACAGA CTTTTCGTCC GTACTCTGCC 900
GTTAGAGGTG AAATTCTTGG ACGGCGGAAG ACGAACCTAC TGCGAAAGCA TTTGCCAAGA ATGTTTTCTT TAATCAAGGA GCGAAAGTCA GAGGTTCGAA 10000
GACGATCAGA TACCGTCCTA GTTCTGACTA TAAACGATGC CAACTAGCGA TCGGGAGGCG TTACCATGCA GACCTTCCCG GCAGCTTCCG GGAAACCAAA 1000
GTCTTTGGGT TCTGGOGGGAA GTACGGTTGC AAAGCTGAAA CTTAAAGGAA TTGACGGAAG GGCACCACCA GGAGTGGAGC CTGCGGCTTA ATTTGACTCA 0200
CACGGGAACT ACCGGCCGAC ACAGGAAGAA TTGACAGATT GAGAGCTCTT TCTTGATTCT GTGGGTGGTG GTGCATGGCC GTTCTTAGTT GGTGGAGGOCA 0300
TTTGTCTGGT TAATTCCGAT AACGAACGAG ACTCTGGCAT GCTAAATAGT TACGCGACCT GTTCGGTCGG CGTCTAACTT CTTAGAGGGA CTAGTGGCGC 0400
TTAGCCAACG AGATTGAGCA ATAACAGGTC TGTGATGCCC TTAGATGTTC GGGGCCGCAC GCGCGCTACA CTGAATGAAG CAGCGTGTGT CTAACCTAGG 0500
CCGAAAGGTC CGGGTAACCC GTTGAACCCC ATTCGTGATT GGGATAGGGA CTTGCAATTA TTCCCTTGAA CGAGGAATTC CCAGTAAGCG CAAGTCATCA 1600
GCTTGCGTTG ATTACGTCCC TGCCCTTTGT ACACACCGCC CGTCGCTACT ACCATTGAAT GGTTTAGTGA GATCCTTGGA TTGGCCCTGT CGCGGCTGGC 0700
AACGGCCGGG GCGGGACGCC GAGGAGACGA TCAAACTTGA TCATTTAGAG GAAGTAAAAG TCGTAACAAG GTTTCCGTAG GTGAACCTGC GGAAGGATTA 0800
TTA 188

GCGAGCG ATTGAGGGTC GTCGTGGCAG ACGACGACGC CTCGTTGGAA CGAACCTACC TCCGGTGCGT GCCACGCCGT CGCCGGGCCG ACCGAGTCGT 0900
CGGGCGGCAG CTGCAGGGCT CACGCGGGAC AAGCTGGAAA AGTGAAGCGA CCGAGTGCGA CGGGTAGCCA TCCCCGCGCT TCAAGTATCG CCATCGCGCG 2000
ATCGCTCGGC GCGATGGTCG TTTGTGACAA GAGAGCGAAA GTTGGAACGA GAGAGCGTGT GTGTCGAGTC ATGCGAGACT GCAGACGAC 0881

GACTCTCAACG 2100

GTGGATCACT CGGCTCGCGA GTCGATGAAG GACGCAGCTA AGTGCGAGAA GTGGTGTGAA TTGCAGAACA CATTGAACGT CGACCTTCGA ACGCGAATGG 2200
CGGTCTCGGG TTAATCCGGG ACCACGTCTG CCTCAGGGTT GCGA 5. SI

CGGAAA ACCGTGAGCG TGTGTGAGCG CTAACGTGAG GCGTCGGCCG TCCCCGATGG 2300
CGCCGTCTCT CCAAGGTGAA GCGAGGCCGG GGTCTGTGGC GAGCTGCGTC CGCTGCCGCC GTGAGGCGTC CGGTGTTGGT CCGAGTCGTG ACTCGACCCG 2400
CGGCCCTCGG TGAAGCTCCG CCTGGCGTTG TTGCGCGAGC CGCGGTATCG CGTCGTGAGT CGGAGAGCGA GAGAGGCGAG TGGCOGGGGAG AGGTGCCTCT 2500
CCGTCCGCGC TGCTCCACGA 0832

TACGACCTGA GTTCAGGCGA GAGCACCCGC TGAATTTAAG CATATTATTA AGTAGAGGAA AAGAAACCAA CCGGGATTAC 2600
CGAGTAACGC AGTGAAGTGG AAGAGTCCAA CGTCGAATCT GCGCGCTTGT GCGAGCGCGC GAAGTGTGAC GTACGGAAGT CCCTGTGCGA CCGTCGGCGA 2700
GCGCCGGTGT CCTTCTGATC GAGGCCTCAG CCCGTAGCAG GTGTCAGGCC TATAAGGGTG TTGGCCGCGG TCGCTGCGGG TCTTCCCGGA GTCGGGTTGT 2800
TTGGGAATGC AGCCCAAAGC GGGTGGTAAA CTCCACCTAA GACTAAATAC TGTTGCGAGA CCGATAGAGA ACAAGTACCG TGAGGAAAGT TGGAAAGCAC 2900
TTTGAAGAGA GAGTTCAAAA GTACGTGAAA CCGTTGAGAG GCAAACGAGA GGGCCCGTCA GTCGCCCGGC CGCTTTCAGT TGAGGCGGCG GCGGTGCGCG 3000
GCACCGGTCC GCCGCGGACG CTCACGCGCC GGCTCCGGGT CGGCCAACGC GCACCGCCTC AGCGCACTAG CACCGGGCGA GAGCACGACC GCTCCGOCCC 3100
GAAGACCGGC CGCTCGCCAA GGTAGCTCCG CCCGGCAGTG TTACAGGACG GGGCGTACGC CGCGTCGCGA CGTGAAAGAC TGTGCGCGTC CATTGGGAGT 3200
CGTTGTCGTC GGCCGGCGGG CTGCGCGCAC TGTTCTCAGT GCACGCTGAC GCTTCGTGCC GCACGATGCG ACCTCCTCGC GACGCCGGGG TCTGTGGTCA 3300
CGTCGGCCAC CCTCTCGACC GTCTTGAAAC ACGGACCAAG GAGTCTAACA TGAACGCGAG TCGTCGGGTA GTACGAAACT CGGTGGCCAG ATGGAAGTGG 3400
GAAGGCCGGC TCGGTCCGGC TGAGGTCAGA TCCGTGCGTT TGCAGCGGCG GGGCACGATC GGCCGATCGC GCCCGTAGCG TCGGGGCGGT CGCGCAAGAG 3500
CGGTCATGTT GGGACCCGAA AGATGGTGAA CTATGCCTGG GAAGGTCGAA GCCAGAGGAA ACTCTGGTGG AGGACCGTAG CGATTCTGAC GTGCAAATCG 3600
ATCGTCATAT TTGGGTATAG GGCGAAAGAG CTAATCGAAC CATCTAGTAG CTGGTTCCTT CCGAAGTTTC CCTCAGGATA GCTGCTTGGG TCGCATTTTA 3700
TCTGGTAAAG CGAATGATTA GAGGCCTTGG GACGAAACGT CCTCAACCTA TTCTCAAACT TTAAATTCGT AAGAAGCCGG CTCGCCTGGC TGGAGTCGGG 3800
CGTCGAATGC GAGTCGCAGT GGGCCACTCT TGGTAAGCAG GACTGGCGAT GCGGGATGAA CCGAACGCCG GGTTAAGGCG CCGAGCGACG CTCTCAGAGC 3900
CCACAAAAGG TGTTGGTTGA TCTAGACAGC AGTACGGTGG CCATGGGGAG TCGGAATCCG TTAAGGAGTG TGTAACAACA ACTCACCTGC CCGAATCAAC 4000
CAGCCCTGAA ATGGATGGCG CTGGAGCGTC GGCCTATACC CGGCCGTCGG GCCAGTACGA CGCGTCGTCC ACCCACGACGG CGCTATGGTC CGACGAGTAG 4100
GAAGGCCGCG GCGGCGCCGG CGTCGAAGCG CGAGCGTGAG CTCGCGTGGA GGAGCAGCCG TCGGTGCAGA TCTTGGTGGG TAGTAGCAAA TATTCAAATG 4200
AGAGCTTTGA AGGTCGAAGT GGACAAGGGT TCCATGTGAA CAGCAGTTGA ACATGGGTCA GTCGGCCCTA AGGGAACAGC AAACGCGGTT TTCTATGGGG 4300
GGCGTTGCAT GCCTTCGCCC CCGGAGTCCG AAAGGGAATC TGGTTAATAT TCCCGAACCT CGAGACGGAG ATTGGTGCTT CGGGGCGCCC AGTGCGGCAC 4400
CAACTGAACT CGGAGCAGCT GGCGTGGGTC CCGGGAAGAG TTCTCTTTTC TTGGTAAGGA GCAGACGCCC TGGAATCGGT TGCCCGGAGA CTAGGGCTCG 4500
AAGCTCCGTA AAGCACCGCT CTCTTGCGGT GTCCGGTGAA CCCGCGTTGG CCCATGAAAA TCCGAGGGAG ATGGTGTAGT TCGTGCGAGG CCGTACCCAT 4600
ATCGCAGCAG GTCTTCCAAG GTGAACAGCC TCTCCGACGA ACAATGTAGG CAAAGGGAAG TCGGCAAATC AGATCCGTAA CTTCGGGAAA AGGATTGGCT 4700
TCCTCGCGCT CCGGACCGTC GACGCGTGAG GTGCCTTCCT GGCTGTGTCC AGCAGTGCGG GCGCTTCGCA GGCGGGTCAG GCCAGTTCAG GGCCGAGGGG 4800
TACTCAAGGG GGAATCCGAC TGTTTAATTA AACAAAGCAT GGCATGGCGC AACCCGGCGT GTGAGCGATG TGATTTCTGC CCAGTGCTCT GAATGTCAAA 4900
GTGAAGAAAT TCAACCAAGC GCGGGTAAAC GGCGGGAGTA ACTATGACTC TCTTAAGGTA GCCAAATGCC TCGTCATCTA ATTAGTGACG CGCATGAATG 5000
GATTAACGAG ATTCCCTCTG TCCCTGTCTG CTATCCGGCG AAACCACAGC CAAGGGAACG GGCTTGGCGG AATTAGCGGG GAAAGAAGAC CCTGTTGAGC 51000
TTGACTCTAG TCTGCCGACT TTGTGAAGAG ACATGAGAGG CGTAGGATAA GTGGGAGCCC TCGGCCGACG GTGAAATACC ACTCCCATCG TTTTTTTACT 5200
TATTCAGTGA GGCGGGAAAC GACCCGGTAC CCCGGGTCAC ACTTCTGGTC TTAAGCCGGC GGCGGCAAGC CCGTCGTCGG CGATCCGCTC TGAGACAGTG 5300
TCAGGCGGGG AGTTTGACTG GGGCGGTACA TCTGTCAAAG TGTAACGCAG GTGTCCTAAG GTGAGCTCAG CGAGCGACGG AAACCTCGCG TAGAGCAAAA 5400
GGGCAAAAGC TCACTTGATT CGATTTTCAG TATGAATACG GACGCGAAAG CGGGCCTATC GATAATTTTG AACTTGCGAG TTTTCAAGCA AGAGGTGTCA 5500
GAAAAGTTAA CACAGGGATA ACTGGCTTGT GGCAGCCAAG CGTTCATAGC GACGTTGCTT TTTGATCCTT CGATGTCGGC TCTTCCTATC ATTGTGAAGC 5600
AGAATTCACC AAGCGTTGGA TTGTTCACCC ACTAATAGGG AACGTGAGCT GGGTTTAGAC CGTCGTGAGA CAGGTTAGTT TTACCCTACT GATGTAGTGT 5700
TGTTGCGATA GTAATTCTGC TCAGTACGAG AGGAACCGCA GATTCAGACA TTTGGTTCAT GCGCTTGGCT GATAAGCCAA TGGTGCGAAG CTACCCATCC 5800
TOGGGGGTTAT GACTGAACGC CTCTAAGTCA GAATCCCGCC TAAGCAGTGA CGATACTCTG GTGCCATGCC GTCGCGGAGG CAAAGTTAGA CGGTCGCTCG 5900
CTCGACCGTC TGCAGAGCCG CCTCCGACCT TCGTGTGGCA GAACCGCGCT AAGCTGAGAC AGCATCCGTC CGAGGCCGGT GCTAAATCAT TTGCAGACGA 6000
CCCTAGTTGA AGATCGAGGT GTCGTAGCCA CTAGAGCAGT TCTCACTGCG ATCTGTTGAA AGTTAGCCTC CAGATCTACG ATTTGT 26S

B ACGGCGCCGA GGCGGCT~CCT TTTICGCC AG AAT TTTCZAGTCAA AGTGTCAAAG TGTCAAAGTG TCAAAGTGTC AAAGTGTCA AGTTTCGTTA 6200
AAGTGTTTAA GTGTCAGGCT..TrTTTTTTTT AACCAATACT TGGTTCAATT TTCATACAAA GTGTCTCTCC CCCACTATAA CGAACGACAT TATAATATTT 6300

AATGTATGTA TAATAAAATA AAATATAACA TAATATAATG CAATATTTTC ACAAAAAGTG TCAGCAGCAC ATACTGTTTC CGACCAAATT ATAATGTCAA 6400
TCGATGTTCC GCCATTTTGT ATCCTGCCGC TGCTCACTAG TAATGA

TGAG TCGGTAAATC GACTAAGTCC GTAATACGGT GATTCGACCA AGAGTTGGCC 6500
GCGACGGCAG CGTGCGAGAC GGGCAAAACG AGAGAGAATC ACCCGAACGC GCG

CGAGTCG GTGAATCGAC TAAGTCCGCA ATACGGTGAT TCGACCAAGA 6600
GTTGGCCGCG ACGCGAGCGT GCGAGAGCGG CAAAA

CGAGA GAGAATCACC CGAACGCGCG CGAGTCGGTA AATCGACCAA GTCCGAAAAA GTGCTTCTCG 6700
TGCTGCCACC TCGCTGAGCA CCTCGC

CGAG ACAGAATCAC CCGAATGCGT GCGAGTAGGT AAATCGACTA AGTCCGCAAT ACGGTGATTC GACCAAGATT 6800
TTGCGCGCGA CGCGAGCGTG CGAGAGCGGC AAAA

CGAGAG AGAATCACCG ACCGAACGCG CGCGAGTCGG TAAATCGACC AAGTCCGAAA AAGTGCTTCT 6900
CGTGCTGCCA CCTCGCTGAG CACCTCGC

CO AGACGAGAAG TCACACGAAT GCGTGCGCAG TCGGTAATCA CTAAGTCCGC AATACGGTGA TTCGACCAAG 7000
ATTTGGCGCG ACGCGAGCGT GCGAGAGCGG CAAAA

CGAGA GACGATCACC GAACGCGCGC GAGTCGGTAA ATCGACCAAG TCCGAAAAAG TGC7'TCTCGT 71000
GCTGCCACCT CGCTGAGCAC CTCGC

CGAGA CAGAATCACC CGAACGCGTG CGAGTCGGTA AATCGACTAA GTCCGCAATA CGGTGATTCG ACCAAGATTT 7200
GGCCGCGACG CGAGCGTGCG AGAGCGGCAA A

CGAGAGAGA ATCACCCGAA CGCGCGCGAG TCGGTAAATC GACCAAGTCC GAAAAAGTGC TTCTCGTGCT 7300
GCCACCTCGC TGAGCACCTC GC

CGAGACAG AATCACCCGA ACGCGTGCGA GTCGGTAAAT CGACTAAGTC CGCAATACGG TGATTCGACC AAGATTTGGC 7400
CGCGACGCGA GCGTGCGAGA GCGGCAAAA

C GAGAGAGAAT CACCCGAACG CGCGCGAGTC GGTAAATCGA CCAAGTCCGA AAAAGTGCTT CTCGTGC7GC 7500
CACCTCGCTG AGCACCT

CGA CGAGACAGAA TCACCCGAAC GCGTGCGAGO CGGTAAATCG ACTAAGTCCG AAAAAGTGCT TC2CGTGCTG CCACCTCGAT 7600

GAGCATCCC
0GTGACGATAGT GTGAGAGAGA GCGTGCGAGT GGCGCGCGTA CGAGTGGCGC GTGCTGTGTT CGGCAGACAG CTCTGCGTTT GCCGCCGCGG 7700

CTGCTGCCTA --AGCA.............. GAACTO T GTG-TGAGT TGGTCGGTGT ACGAGTATGC CTTGGGGAAG GCGCGAGTGT GCGCGAGCGT 7900
TTGGCAACAA AGTTCGCGCT CACCGTAACA CTAGTCCAGT CGACTGTTGT CAGTCTGTGA CCGAGAGCGA AAGTGAGCGA ATCCGACGTG AGGTCCGCGA 7900

GTGTCGGGCG CGTCGGCGTG CTGTGCCCGT TCAGGCGGGC TCCAGCTGCG TGAAGAGCGG TGGCTAT 7967

Figure 2. The sequence of an entire rDNA tandem repeat from H. momus, beginning at the 18S gene. (A) The 18S, 5.8S and 26S rRNA genes. (B) IGS region.
Numbering begins at the 5'-end of the 18S rRNA (Fig. 2a) and finishes at the 3'-end of IGS (Fig. 2b). Each internal repeat within the IGS is depicted by a line

change. One set of internal repeats is italicized. Small repeats at the 5' end of the IGS are underlined and italicized.
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a GC content of 56.0%. The coding regions of the mature 18S,
5.8S and 26S are 1,803, 155 and 3,566 bp respectively and all
three regions have a high GC content (Table 1). The IGS is
comprised of a series of tandem internal repeats approximately
100 bp in length flanked at the 3' end by unique sequence and
at the 5'-end by an AT rich region containing shorter repeats
(Fig. 2B) . There are 12 copies of the internal repeat present
as 2 sets of 6 repetitive elements. Greater than 90% sequence
similarity is observed between repeats within each set, while the
sequence is approximately 70% homologous between the two
sets. Each category of repeat is arranged in alternate fashion with
the other resulting in 5 double repeats of 200 bp each. This block
is flanked by a single copy of one repeat at the 5'-end and a copy
of the other at the 3'-end (Fig. 2B).

Secondary structure
Secondary structures for the H. momus rRNA were constructed
by comparing the H. momus primary sequence with the mouse,
brine shrimp and general models, and drawing a H. momus
secondary structure that fitted the previously established models
(14, 15, 25-28). Divergent regions were analysed by comparison
of the secondary structures over a wider range of animals (human,
Xenopus, Drosophila and C. elegans) and by an RNA secondary
structure analysis program (29). The secondary structure models
for H. momus rRNA are presented in five figures: 18S, Figs.
3a, b, and 5.8S - 26S, Figs. 4a, b, c. In general, the H. momus
models are largely consistent with the 18S model of Nelles et
al. (14) Gutell et al. (25) and Neefs et al. (26), and the 5.8S
- 28S model of Michot et al. (15), Gutell and Fox (27) and
Gutell et al. (28). Arrows indicate compensatory mutations
(changes that occur in the primary sequence without affecting
the secondary structure) found in the ascidian rRNAs when
compared to the above models and Xenopus models (12, 13).
Since variable regions D2, D8 and D12 differ significantly from
previous published structures in their primary sequence, structural
arrangements are based more on energy than comparative analysis
and these portions of the model should be considered as tentative.
Numbering of helices and divergent regions follow those of Nelles
et al. (14) and Michot et al. (15). Any discrepancies between
ascidian and previous secondary structure models are listed
below.

18S rRNA. The H. momus 18S rRNA model, in general, concurs
with the Nelles et al. (14), Gutell et al. (25) models and the more
recent Neefs et al. (26) model. We followed the numbering
system of Nelles et al. (14), which differs somewhat from a more
recent model (26). The 5' end of the 18S rRNA is presented as
a pseudoknot (13, 25) (Fig. 3a). Helix 3 follows the structure
proposed by Atmadja et al. (13), however the first strand of helix

Table 1. Structure and composition of a rDNA tandem repeat unit

Region Length %GC Location*
(bp)

18S gene 1803 50.4 1 - 1803
ITS 1 286 64.3 1804-2089
5.8S gene 155 56.8 2090-2244
ITS 2 276 68.9 2245-2520
26S gene 3566 57.1 2521-6086
IGS 1881 54.2 6087-7967
TOTAL 7967 56.0 -

*Location refers to position in nucleotide sequence (Fig. 2A, B).

3 can also basepair with the ssRNA strand between helices 16
and 17, resulting in a shortened helix 17 and an elongated helix
15 (25) (Fig. Sa). Helix 5 in Vl is extended at the base so that

b

c1
G
u'

40

ACAGGu uC 33GUAGU G

AUUAenGGCdGUC
u^G

3- endUA

Figure 3a-b. Secondary structure model of the 18S rRNA of H. momus.
Numbering system follows that of Nelles et al. (14). Compensatory mutations
in relation to the Artemia salina (14) and Xenopus laevis (13) models are represented
by small arrows. Basepairings proposed by Gutell et al. (25) are boxed and
connected by a line.
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the flanking single stranded loop regions are incorporated into AUGAUAUAA
the helix. Both V2 and V3 concur more closely with the Neefs A U,uGP
et al. (26) model thian thie Gutell et al. (25) model. In V2, thie GUG
helices are more extensively base-paired and helix 9 closes thie AAC.UCAAu -CCUcLaGUX ,

terminal loop as in the Artemia model (14). Althiough an AUG cEG 44C,cGA
alternative basepalring of helix 3 shortens helix 17 (Fig. 5a), other AAU UAC'rUAc uA
structures that would completely eliminate this helix appear A-U , ,A-U,43

G-C CUCGUCCAEGCU U CCunlikely. Although helix E18-1 follows thie Nelles et al. (14) U 2AuCAU UUI....U
format, the GU noncanonical basepairing in the nmiddle of thie U-A- 4 c-C

U-A GUA-Chelix probably does not exist. Such an internal loop woufld U-
U-C C-Gdestabilise the entire helix, resulting in a srcuesimilar to that AAAA-UUAAA C- U

proposed by Gutell et al. (25) (Fig. Sc). Helices E19 -21, CGA4AU
E19-22 and E19-3 of H. momus can alternatively be AAGG-CC:
constructed to form a pseudoknot (Fig. Sb), as recently proposed AC U C-GUUCAA

U-A~~ ~~~AAGc
23 C UG CCACU-26.The VS region, as presented,issmUrtfa rpsd'C !ACG1(1A\However,recent -G 41 G D7bby Neleset aL. (1 Hoee,more reetmodels (25 26), UAC U C A CAACU

are structured differently. Although H. momus does not possess CCC C AU A~
27 CC CUUGCAcompensatory mutations to support either model, the conservation U_~AU DO

of eukaryotic A-U higher-ordered basepairing (32) as shown 26 A C U.l GUZIAC
in Fig. Sc supports the more recent models. GC~A IC-C LG-U GUCU

U~~~~~~~~~:-C5.8S - 26S rRNA. The H. momus S.8S - 26S rRNAmodelAIG 32cr AAAGGAA1G,CCGCG .G %pA-C3
adhered closely to thie Michot et al. (15) and Gutell and Fox (27) UCSUUCG~ ~ 6Ae P~CC,U%~UG5IUUAmodels. We followed the numbering system of Michot et al. G,UG~CU A , AU¶U8 aGALAC ,A

AGG~~~~~~~~~~~~~~AGutell and Fox (27) proposed a small helix between helices 2 AGUAA24 2 A$:S C~AGAUG
~UGGAG UA U.2 UA .UAC 3and 3 (Fig. 4a). The ascidian sequence contains a compensatory ~ G CU U-&3 U U

%UL'ACAc 3S6
mutation in this region, when compared to both vertebrate and 21.

G A G2 UCSU'
invertebrate sequences, and this would support such a model (7, LO~UA3&(.. A,UCA

GAAUAU7AU~ACUU UAAUU12, 15, 33) (Fig. 4a). The basepairing of four nucleotides of CA'~UAG3 .U

UA AG 34C GCAC?'Ga-GU
C 'CG C- U

U C A IU A U AC AA

GAUG UGGAC AGC CAUUACAAA
UA A C0C UGCAGCUU

ACUCGUUGUC U

AULAUUUCCUUCUG QAUCAGA

AC'UCC CAU''GAUAACGAAC cA c U GUA C-GU'A GAU A(GG( G UAICG
GC33 AU'.'. A'UADG AUCSte.bA UG CAC ACA AG
~~~~~~~~~~~~A"UGUCG

A
C, AGLAC 14 U'C GALAIAC AL UAVUU A;AG G G.C

G-UGU"C 13 c U~~~~~~~~~~ AAZCC 5etndCA
AUA AU 13 C A CUAUGGCAGA UCUU.17b 3eld -~ AU A UA

ACAb g.,A8 A AL

CGA CA ,GAUAAAG'.17.-
C-G ~~~UUA'9' A-CUAA AA
c UCGAuGLA AUAAAUUA......U CAPACiA%5. UAGUG_EUG uUAL A'AuGUAUAAAAAUA UG

A -U

C

AAACUAAU'CI4 CUAC' rU AACA18~~~~~~~~~~~~~~~GAC-GAU UGCAUAA U AUAU-AAGG-AcCU, UCuAC.U
dAAAGUe.G AAA ACG ACG CIUG~~~~~ AG-,CUCACAIC(,UA

C.UAL~~ ~ ~~~~~~~ L~~~~cU A'cGa A __.UA5 AGA 65LAXUACACG
U AGA AG~~C2AC UGA L,U -C C LA 4UUCUA' L~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L~~~~UAAACGA C U AA-CI U aC-A UAAC* 'ASc AAAcC~UGc U aLUJAG A~jA -

AUAG'- a LAL-A UACCU CCAAA $U C A'G u 4

ACCA9 t( -a47 51 C AA- A'CA-
JULAAUCACL A GO n ~ ACUUAGE,A% A r~ CU~ C'UALCLAAU 1SA~'~LqCL ~ Cl Ac9A A-A?3 AU~AA a A C A'A'-A GA AC C "0 h AA..'C9uAA L A'UUU AAA "~ ~U

AU UGUG' *AAUL-tCoCLAI u 84 AAC UA ACU -' U LA A_G_
CIJGU'ACAG,c9~~~~~~~~~4 2 AAUU~~CA , GA CC A UUAAUUAUAL o

AUAC U _A CA 'AsC A A C. AC ;--U AA-ACA .G AU,U AUA U*~''

GA'AAUAAUG, .AALGUG-~GA.,A.A. AGULU'AGA A AG7% AL.CA GG,CGU C C-C CAUAA AU U 7AAGAX U GA
U-AU UG'ACIGALA5 A- U

AUC, AAAgUAA,LAUUAA AUCA,CCAA'A 73U
ACCAAUCA ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C-A A~~~~~~~~~~~~~~~~AA GGOUCCUUAoUCICUI~~~~~~9ICAU AU A UC LA~~~~~~~AAUA UACACOG~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~'AcbUr,~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ I CAACCAU AUCA

CC-ACg A'A,gCucR G UALA Ac'~~~~GU~~G6UUUU%YUU,UG,,UGAC'C 9
a

U,AAU~~~~~~~~~~CUA' 7CCAUACACG,uA A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~AAA C& CUU
0 C-r,~~~.A-ACCAAi'sU,r,-1 ~~~~~~~~~~~~~~~~~~~~AAGAAACAA~A~ mdelAftP ~Q-A rl'.AG CA Cc-

,GGUU G-C Figure 4a-c. Secondarystructure model of the 5.8S-26S rRNA of H. s.
UAcU :'G UA

A A: Numbering system follows Michot etal. (15). Compensatory mutations inrelationAU',ACj G

UA'AU UUCA uGU to the mouse(15) and Xenopus laevis (12) models are represented by small arrows.CALA
Basepairings proposed by Gutell and Fox (27) are boxed and connected by a line.
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ssRNA located between helices 3 and 4 with four nucleotides
between helices 7 and 8 (27) contains a compensatory mutation
in relation to other animals. Expansion segment Dl is similar to
the Michot et al. (15) model with the exception of the absence
of a branch at the end of helix 5 (Fig. 4a). D2 in the ascidian
has been constructed to contain one small and two large secondary
helices, with the first helix branched into three tertiary helices.
Like the Drosphila model (33), the H. momus model does not
adhere closely to the proposed three subdomains of the D2
segment (34). The proposed B helix in the D3 segment (27, 35),
has a base change in H. momus that results in the helix being
completely devoid of Watson-Crick basepairing, and is therefore
not included in the model. The helix located between helices 15
and 16, as proposed by Gutell and Fox (27) is elongated in H.
momus by a compensatory base change in the hairpin loop (Fig.
4a). Helix 20 in Fig. 4b is arranged in the extended form present
in the Xenopus model (helix 28 in Xenopus) (12). Helices 21 -33,
including D4 and D5, appear to fit the Xenopus model more so
than the other models. Helix 21 is shortened by 4
noncompensatory base changes and helix 21a which corresponds
to helix 30 in Clark et al. (12) has been extended (Fig. 4b).
Because of the presence of helix 21a, helices 22 and 23 are
shortened. The more conventional structure (15, 27) is also shown
in the D5 region. The helix proposed in the hairpin loop at the
end of helix 30 (27) is extended in H. momus. Expansion segment
D6 in H. momus is a simple helix similar to that of Xenopus (Fig.
4b). A compensatory mutation in helix 38 extends the helix and
supports the Xenopus model (helix 44). However, the H. momus

26S rRNA sequence can be arranged to fit the Gutell and Fox
(27) model in this region (Fig. Sd). The ascidian sequence
contains three compensatory mutations when structured according
to Gutell and Fox (27), supporting that model (Fig. 5d). D7a
arrangement consists of two helices instead of one helix.
Noncompensatory base changes prevent the formation of the short
helix 46 which is found in the mouse model (15).
Noncompensatory base changes at the end of helix 49 result in
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Figure 5. Alternative secondary structure models. (a) 18S rRNA from helix 2
to 15. This model is based on Gutell etal. (25). (b) 18S rRNA from helix E19-2
to 20. The pseudoknot is based on the model of Neefs et al. (26). (c) 18S rRNA
from helix 2 to 22. This model is based on Gutell et al. (25). The box nucleotides
correspond to the proposed complex interaction (32). (d) 26S rRNA from helix
37 to 40 and is based on the model presented by Gutell and Fox (27).

a larger terminal loop than in the mouse or general models,
resembling the structure found in C. elegans (7) (Fig. 4c). The
expansion segment D8 is similar in structure to other eukaryotes
(Y-shaped), however helix 50 is much shorter than all other
eukaryote structures previously studied (34). Helix 52 is
lengthened as in Xenopus (helix 61). Helices 55 and 56 can be
arranged as in Gutell and Fox (27), resulting in an extended helix
56 and only one nucleotide of ssRNA flanking helix 55. D9 is
almost completely lost in H. momus, being only 8 bases in length.
The primary sequence of Dl 0 in H. momus can be arranged most
favourably using the hammerhead configuration proposed for
Xenopus (12). D12 is similar in structure to that in the mouse
model, but smaller,

Ascidian rDNA comparisons
Genome sizes were analysed for two populations of H. momus
and another Pyuridae, P. stolonifera (Table 3). These ranged
from 0.27 pg/haploid genome in H. momus (Heron Reef) to 0.30
pg/haploid genome in H. momus (Middle Reef) and 0.87
pg/haploid genome in P. stolonifera. The rDNA copy
number/genome varied significantly between H. momus
populations, with the Heron Reef population containing 2410
copies determined with the 18S probe and 2380 copies with the
26S probe. The Middle Reef population was shown to contain
460 copies using the 1 8S probe and 350 copies with the 26S probe
while P. stolonifera contained 1700 rDNA copies with the 18S
probe and 1340 copies with the 26S probe (Table 2). The values
from the 18S probe are taken to be more accurate since the 26S
probe traverses divergent expansion regions, D7b- Dl0.
Hybridization with a random prime-labelled 26S probe will be
negatively biased if sequence differences exist within these
expansion segments. Qualitative Southern analysis revealed
differences in copy number and restriction pattern when
comparing the two H. momus populations (Fig. 6, unpubl.
results). The IGS is known to be the most rapidly evolving region
in the rDNA, with large sequence diversity between closely
related species (9, 1 1). The ClaI/PvuH fragment, containing most
of the IGS from the cloned rDNA from the Heron Reef population
(Fig. lA), was radiolabelled and hybridized, under low
stringency, to Southern blotted ascidian DNA (Fig. 6). Only 0.5
,tg of Heron Reef DNA was blotted, while 2 itg of the other
ascidian DNAs were blotted. The IGS fragment hybridized to
the rDNA of the Heron Reef population (lanes H), but did not
to the Middle Reef population (lanes M) or to P. stolonifera DNA
(lanes P). When this filter was reprobed with pHRP75, under
stringent conditions, there was hybridization to all species.

DISCUSSION
Morphological and physiological evidence has classified ascidians
as members of the phylum Chordata (16). The combination of

Table 2. Comparison of genome size and rDNA tandem repeat number in ascidians

Species Genome Size rDNA Copies % of Genome*
(109 bp)

H. OOflXIS
(Heron Reef) 0.27 2,410 7.1
H. tmoinus
(Middle Reef) 0.30 460 1.2
P. stoloniifero 0.87 1,700 1.6

*The percentage of genocme composed of rDNA repetitive sequence was calculated
based on the length of a single repeat being 8 kb.
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well characterized developmental features such as mosaic
development and a well documented cell lineage (18, 19), small
genome size (36, 37), and close phylogenetic relationship with
vertebrates (16, 17), suggests that this group of animals is well
suited for molecular investigations in development and evolution.
Although small lengths of ascidian sequence have been analysed
previously (38), the cloning and characterization of an entire
rDNA tandem repeat from the ascidian H. momus is the first
molecular analysis of the well characterized rRNA gene family
for this subphylum. The rDNA is an ideal gene family to study
in regard to evolutionary associations because the rates of
molecular change differ between various domains within the
rDNA (11), and therefore can be analysed and applied to a wide
range of phylogenetic relationships.

Sequence and H. momus population analysis
The rDNA tandem repeat cloned from H. momus is 7967 bp in
size, the second smallest higher eukaryote characterized, with
C. elegans being smaller at 7196 bp (7). Unlike the C. elegans
rDNA, the H. momus has an IGS structure similar to vertebrates
and Drosophila, being made up predominantly of internal repeats.
The IGS size differences which are based on the number of
repeats, are responsible for much of the interspecific and
intraspecific variation in rDNA length in many species (39, 40).
Southern analysis of H. monus (Heron Reef) genomic DNA (Fig.
1A) demonstrates size variation between rDNA tandem repeats.
The enhancer and RNA polymerase I promoter function lie within
this repetitive DNA region and the promoter and initiation site
map to the repeat closest to the 3' end of the IGS (41). The IGS
undergoes rapid sequence changes by molecular drive, which is
the process whereby gene variants are spread through a multigene
family and eventually through a sexual population, and by the

rDNA I G S
HI M P H M P H M P H M P

4:* ;+

4.4 ^ *

_40
1 2 3 4 5 6 7 8 9 10 11 12

Figure 6. Comparison of ascidian rDNAs by Southern blot analysis. An IGS
ClaI/Pvull fragment from pHRP75 was hybridized and washed at low stringency
to the filter designated IGS (lanes 7-12). The filter was stripped (21) and reprobed,
under stringent conditions with total pHRP75 insert and is designated rDNA Oanes
1-6). Molecular weight standards are shown on the side. H, H. momus (Heron
Reef), M, H. momus (Middle Reef); P, P. stolonifera. Lanes 1-3, 7-9, genomic
DNA digested with Pstl; lanes 4-6, 10-12, genomic DNA digested with EcoRI.

limited constraints on the RNA polymerase I system to coevolve
(11, 42). This rapid coevolution is illustrated by the interspecific
incompatibility of rDNA cis-elements and RNA polymerase I
complexes from different species, and the lack of consensus

sequence (43). We have shown that an IGS probe from Heron
Reef population does not hybridize to the Middle Reef population
under low stringency conditions (Fig. 6), strongly suggesting very
poor sequence similarity between IGSs of the two populations.
Interestingly, gametes from these two populations can be
interchanged to form normal tadpole larvae (unpublished data).

Secondary structure
The E. coli rRNA models, based on experimentation (10), have
allowed the construction of more secondary models that are based
on comparison. These comparisons have reinforced and allowed
for the refining of the experimental models. Compensatory base
changes in the primary structure, leaving the proposed secondary
structure intact, not only validate the proposed helix but suggest
a conserved role for this helix (9). A large number of
compensatory mutations can be found in the H. momus secondary
structure when comparing to either brine shrimp or frog 18S
models (13, 14) and the mouse and frog 28S models (12, 15).
In some cases, the H. momus arrangement directly supports a

specific model (Figs. 3, 4, 5 and results). Compensatory
mutations in the H. momus sequence provide phylogenetic
evidence for two helices at the 5' end of 26S rRNA. Both these
helices were not included in the mouse model (15), but are

proposed as part of a general eukaryotic model by Gutell and
Fox (27). The helix situated between helices 2 and 3 contains
a U-A basepairing prior to the hairpin loop in all animal models
except H. momus, which has a C-G basepair (Fig. 4a).
Another feature of the H. momus model involves the loss of

helix B in expansion segment D3 (35). This highly conserved
helix, in order to be maintained in H. momus, would require
stabilisation without Watson-Crick basepairing. Helix 50, which
leads to expansion segment D8 is truncated in H. momus. In all
eukaryotes helix 50 contains approximately 20 basepairs and an

internal bulge (34), but this helix has been reduced to 4 bp in
H. momus.

The locations of insertion of expansion sequences are conserved
in eukaryotes, although sequence is not. The recent construction
of secondary structures from invertebrates (7, 14, 33) is of
particular interest because of the insight into the conservation
of secondary structures with gross changes in primary sequences
within the expansion regions (4). Structural conservation among
eukaryotes would suggest a functional role for expansion
segments in the eukaryote ribosome that has little dependence

Table 3. Comparison of core and expansion segments of eukaryotic 26S/28S rRNA genes

Total Expansion Segment % Homology
Species Length Length Core Expansion Segment with H. momus

(bp) (bp) (% GC) (%GC) Core

H. sapiens 5,025 2,625 69.1 82.3 87.0
M. musculus 4,712 2,319 54.0 79.5 86.3
X. laevis 4,110 1,668 45.4 82.4 87.9
H. momus 3,566 1,201 51.3 68.4 -

D. melanogaster 3,945 1,562 45.3 29.7 79.0
C. elegans 3,519 1,153 46.7 53.5 81.5
S. carlsbergensis 3,393 1,014 46.4 50.0 81.1

Homo sapiens (46), Mus musculus (15), Xenopus laevis (12), Drosophila melanogaster (33), Caenorhabditis elegans (7) and
Saccharomyces carlsbergensis (47) sequence data were compiled in Hancock and Dover (44).
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on primary sequence. Hancock et al. (33) have shown that the
general secondary structure of expansion segments proposed by
Michot et al. (15) is conserved in higher eukaryotes. A eukaryotic
model for the expansion segment D2 (34) proposes the presence
of a consensus structure containing 3 major secondary helices.
Both the Drosphila (33) and H. momus models deviate from this
in that D2 consists of 2 or 3 secondary helices and a variable
number of tertiary helices within those helices (33).
Although the degree of structural conservation in expansion

segments is not as great as in core segments, the evidence from
a number of different taxa suggests a function for these regions
and thus a constraint on sequence evolution of these segments
(34, 44). Previous claims that expansion elements are functionless
and are tolerated by the ribosome because they do not interfere
with translation (9) were made without knowledge of structural
data from ascidians, fruit fly and nematodes (7, 33). The
expansion domains appear to be coevolving in relation to both
size and base composition. Michot and Bachellerie (34) compared
the size and base composition of D2 to D8 and demonstrated
that all eukaryotes possess a D2/D8 ratio of between 1.25 and
1.5. Although H. momus D2 and D8 expansion segments are
similar in base composition (72.6 and 70.1 % GC, respectively),
the ratio of D2/D8 differs significantly from other eukaryotes
being approximately 3.5, suggesting that the coevolution of these
two expansion segments in H. momus might not be coupled in
the same manner as in other eukaryotes. Whether size variation
is related to base composition, with biased slips or rearrangements
occurring at equal rates in different expansion segments, or due
to functional interactions of expansion segments within the
ribosome (33, 42) has yet to be determined. Therefore, specific
reasons for the H. momus D2/D8 deviation remain obscure.
Comparison of the expansion segment of the ascidian with other

eukaryotes (Table 3), shows that H. momus possesses a high GC
content as found in other chordates. Limited sequence data from
a sea urchin, reveals that the ITSs and Dl segment are also both
GC rich (45), suggesting that the origin of GC rich expansion
segments arose in a primitive deuterostome, before chordates
diverged from each other and echinoderms. A recent phylogenetic
survey using expansion segment D3, correlated secondary
structure of subdomains within D3 with metazoan evolutionary
relationships (35). In the two subdomains (II and IV) where
vertebrates have a distinctive sequence and folding pattern (35),
the H. momus primary sequence and secondary structure fits well
with these chordate-specific structures. H. momus has a smaller
proportion of its 26S rRNA composed of expansion segments
than other higher eukaryotes, with the exception of C. elegans.
It is of interest that both ascidian and nematode embryos develop
rapidly and in a mosaic manner (18, 19, 36), however, a
correlation between the small 26S rRNA gene and rDNA tandem
repeat size of both these organisms and embryonic processes
seems unlikely.
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