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Patterns of major divergence between the internal transcribed
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and of minimal divergence within ribosomal coding regions
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We have determined the nucleotide sequences of the two in-
ternal transcribed spacers, the adjacent ribosomal coding se-
quences and the boundary between the external transcribed
spacer and the 18S coding sequence in a cloned ribosomal
transcription unit from Xenopus borealis. The transcribed
spacers differ very extensively from those of X. laevis. Never-
theless, embedded in the internal transcribed spacers are
several short sequence elements which are identical between
the two species. These conserved elements are laterally
displaced by substantial distances in the X. borealis sequence
with respect to that of X. laevis. These relative displacements
imply that insertions and deletions have played a major role
in transcribed spacer divergence in Xenopus. This in turn im-
plies that large regions of the transcribed spacers do not play
a sequence-specific role in ribosome maturation. In contrast,
the sequenced parts of the ribosomal coding regions, which
encompass 670 nucleotides, differ at only three points from
the corresponding sequences in X. laevis, each by a single
substitution. These substitutions are readily accommodated
by current models for rRNA higher order structure.
Key words: divergence/ribosomal/transcribed spacers/Xeno-
pus

Introduction
There is considerable uncertainty as to the role of trans-

cribed spacers during the maturation of eukaryotic ribosomes
from ribosomal precursor RNA. These components of the
primary ribosomal transcript (Figure 1) are eliminated during
ribosome maturation and are much more variable in primary
structure between different taxonomic groups than are the
rRNA sequences. Whereas comparative sequence data on

rRNA have revealed structural features that are conserved
across an extremely broad phylogenetic range (see for exam-

ple, Zwieb et al., 1981), sequence data on transcribed spacers
have revealed practically no homology between three
eukaryotes which have been studied in detail: Saccharomyces
(Skryabin et al., 1979a, 1979b; Veldman et al., 1980, 1981a),
Xenopus laevis (Hall and Maden, 1980; Maden et al., 1982a)
and rat (Subrahmanyam et al., 1982).

In the absence of sequence conservation between the trans-
cribed spacers of distantly related eukaryotes it is important to
seek among more closely related species for the processes that
generate divergence. The transcribed spacers of the frogs,
X. laevis and X. borealis, are known to lack major sequence
homology by criteria of nucleic acid hybridisation (Brown et
al., 1972; Forsheit et al., 1974). Here we have extended this
work by carrying out comparative sequence analysis. Our fin-
dings indicate that large sections of the transcribed spacers are

tolerant to major changes including insertions and deletions.

*To whom reprint requests should be sent.

IRL Press Limited, Oxford, England.

28S

4
O c

LUJ IF

18S 5-8S 28S
NTS ETS ITS1 ITS2

'I 1 ,
., . . _

lkb

-I/I
11 I I

0 0

uX
u1

0

cr- E
o c

_pXbrlOl LM_

Fig. 1. Scheme of repeating structure of rDNA in X. borealis. NTS, ETS,
ITS I and ITS 2 denote non-transcribed, external transcribed, first and se-
cond internal transcribed spacers, respectively. The locations of the restric-
tion sites for EcoRI, HindII, XbaI and BamHI are shown. The clone
pXbrlOl and the subclone pXbrlOILM were used in this work. For further
details see Materials and methods.

Such changes are generally disruptive to functions that are
closely coupled to sequence content; hence we infer that no
such close coupling exists in large parts of the transcribed
spacers of Xenopus. In contrast, the sequenced parts of the
rRNA coding regions contain only three sites of variation
from X. laevis; these differences can be readily accom-
modated in current models for rRNA higher order structure.

Results
The main sequence analysis was carried out on the X.

borealis rDNA clone, pXbrlOl, and its subclone pXbrlOlLM
(see Materials and methods). Some confirmatory data were
obtained from other clones, as described later. Figure 2 shows
the sequence data from pXbr101, together with correspon-
ding data from the X. laevis clone pXlrlO1. The layout of the
figure emphasises the main findings, which are as follows.
Major divergence between transcribed spacers

The transcribed spacers differ extensively between the two
sources. The sequences flanking the 18S coding regions
diverge within a few nucleotides of the gene-spacer boun-
daries. Then, on the 5' flank of the 5.8S sequence there is on-
ly a single conserved nucleotide, while on the 3' flank there is
a larger conserved tract of 26 nucleotides. On the 5' flank of
28S rRNA there are only four contiguous conserved nucleo-
tides, but both sequences are rich in C for some distance
upstream.
Conserved tracts in the internal transcribed spacers
Embedded in the largely divergent sequences of the two in-

ternal transcribed spacers are short tracts of completely or
almost completely conserved sequences. There are three such
tracts in the first internal transcribed spacer (ITS 1) and four
in the second internal transcribed spacer (ITS 2). The tracts
range in length from 13 to 28 nucleotides (Figure 2). The con-
served tracts constitute a smaller amount of the total spacer in
ITS 1 than in ITS 2, both in relative and in absolute terms.
The conserved tracts in ITS 1 are at widely spaced sites (see
below) but those in ITS 2 are concentrated in the 5' part of
the spacer.
Lateral displacement of conserved tracts
The distances between the conserved tracts differ in X.

borealis and X. laevis. In ITS 1 some of these length dif-
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E TS X.borealis .GGTTCCCCCCCGGAGCCGAGGGC -1 Xv.Iv; (CI; C'CC(;(;(;C(C(G(G G(AAAGGCTGC

X.b. /X. 1. TACCTGGTTG ATCCTGCCAG TAGCATATGC TTGTCTCAAA GATTAAGCCA TGCACGTGTA AGTACGCACG (;CCGGTACAG TGAAACTGCG AATGGCTCAT 100

X. b. /X. 1. TAAATCAGTT ATGGTTCCTT TGATCGCTCC ATCTGTTACT TGGATAACTG TGGTAATTCT AGA (Xba I) (Eco RI) GAATT 1, 600

X. b. /X. 1. CCCAGTAAGT GCGGGTCATA AGCTCGCGTT GATTAAGTCC CTGCCCTTTG TACACACCGC CCGTCGCTAC TACCGATTGG ATGGTTTAGT GAGGTCCTCG 1, 700

X. b. GATCGGCCCC GCCGGGGTCG GCAACGGCCC TGGCGGAGCG CCGAGAAGAC GATCAAACTT GACTATCTAG AGGAAGTAAA AGTCGTAACA AGGTTTCCGT 1, 800
X.1. C

X.b. /X. 1. AGGTGAACCT GCGGAAGGAT CATTA

X. borealis

CGAG'AGAGG GCGAGAGGCT CACGGTGCGA GAGCGCGGCT CTGCCGCACC 50

CCCGCCACCG TCCCGGCTCC CCCCGCGGAC GACGACAGGT CCGGGCGCGG 100

GCTCCCGCCC GCCCCGACAC GAGGAGAGAG CGGAAAAGGA ACAACAACAA 150

tract 1
AAAAAACGAG CCCGGGTACC TAGCCGGGGG GGGGCGAGGG CGGGGACGGG 200

tract 2
GGGCAGAGGG CCCTCCGACC CCCCCTCCCT CCTCCCGGGC GGTTCGAAGA 250

CCCCGGCCCA CGGCCGGCGG CGGCGACGAG GGGCGAGCCG TCCGGAGGCG 300

GGGGGCGGGC GCGGAGGGGG GACGGGGGGG AGGCGGAGGT CACGGCCGGA 350

CGCGGCCGCG TCCCTCCGCC CGCCCCCCCC CCGTCTGTCC GCGCCCCGCC 400

CCGCGCGCCG GTCGCGTCAG TCCCCGCCGC CCCGTCGGCG GCGCCCCGGG 450

GCGCCCGGGG CCCGGGGGCC CGCCCCGTCC AGCTTCCACG GCGCCCGCGC 500

tract 3
GCGCCGGTAC CCCTGCCGCG AGGCAACGAG AGAGAAAAAC AAACGAAAAA 550

AAT_C 554

1, 825

X. laevis

ACGAGACCCC CCTCACCCGG AGAGAGGGAA GGCGCCCGCC GCACCCTCCC 50

CGCGGAGAGA GAGAGAGACG CCCGCCCCGG AGCGGAGACC GCCCCCCCCC 100

CACGGGGGGG GGGCGGCCGC CCCGAAAGGG ACGACGAGGA ACCCCCAGAC 150

GGCCCCGGCG AGGGGGCGGC GGCGGCCCCG GGTCCACCCC GGGCCCGCCC 200

tract 1
GCCCGCCTCC CCGCCGCGGG CCCGCCCGGG TACCTAGCCG GGGCCGGGGC 250

GCGGGGGCTG GCGCGGGAGC GGGGCGGCCC CAGGGCCGTC CGGCCTCCCC 300

tract 2
GCGTCCGCCT CCCGCGACCC GCCCCGGGCG GTTCGAAGAC CCCdCCCGCC 350

GGGCGGCGGG AGGGCCGGGA GGGAGCCGGG GAGGGGAGGG GGGGAGGCGG 400

CGGCGAGCCC GGCCGGGCGC CGCCGCCGCA GGACCCCCGT CCCCGTCCCG 450

CGCCGCCCCC GCCGGCCCGG GGCGCCCGGG CCGCGACCGC CTCAGCGGCA 500

tract 3
GCACCGGTAG CCCTGCCGAG ACCGAAAAGG AAAACCGACC GACGCGTCGG 550

CGAGAGL 557

X. b. /X. 1. TCGCGACTCT TAGCGGTGGA TCACTCGGCT CGTGCGTCGA TGAAGAACGC AGCTAGCTGC GAGAATTAGT GTGAATTGCA GGACACATTG ATCATCGACA 100

X. b. CTTCGAACGC ACCTTGCGGC CCCGGGTTCC TCCCGGGGCT ACGCCTGTCT GAGGGTCGCT CC 160
X. 1. C

X. borealis

GACGTCCATC GCCCCCGCCG GGTCCCCGAC CCGGGGAAAA CGGGCGGCGC 50

tract 1
GGCTGGGGCC GTCGCAGGGG TCGAGGGACG CCCCCCCACC GCCCTTCCGG 100

tract 2
GGGAGGTGAG GGGGCCCCGC GACCCCTTCG TCCCCCCAAG GCCAGACCCC 150

tract 3
GACCATCCCG GCGGCCCCCC CCAGGGCCCC GGCGCGGCTG TCTGTGGGAA 200

tract 4
ACCGATTTCA CGGCTGCCGG CGCCGCGGGC GCTGGGGACC CGCCGGGGCG 250

GGAAGAGCCC CCGGGCGGGC CGGGGCCGGG GAAGGCGCGC TTGAACCCGC 300

GCCCCCCCGC GTCCCCCGCC CGCCCCCCCG CTCGAC 336

X. laevis

GACGTCCATC GCCCCCGCCG GGTCCCGTCC CGGCGCGGAG GCGCGGCTGG 50

tract 1 tract 2
GGCCGTCGCA GGGGCGCGCC GCTCCCCTTC GTCCCCCCAA GGCCAGACCC 100

tract 3
CCGGCCCGGC GCCCGGGCCC CGGCCCGGCC GGCGGCGGCT GTCTGTGGAT 150

tract 4
CCCTTCACGG CTGCCGCCCC GGCCGGCCCC CCGGGGCCCC GGCCCGCCGG 200

CGGGAGCGGG CCCGGCCCCC CCCCCCGGGC CGCGGCCCCG CGCCCCCCCC 250

CCCCCCCACG AC 262

X. b. TCAGACCTCA GATCAGACGT GGCGACCCGC TGAATTTAAG CATATTACTA AGCGGAGGAA AAGAAACTAA CCAGGATTCC CCCAGTAACG GCGAGTGAAG 100

28S Xl.1.C
X.b. /X. 1. AGGGAAGAGC CCAGCGCCGA ATCCCCGCCC GCCCGGC. .. 137

Fig. 2. Sequence data from X. borealis and X. laevis rDNA. The data for the ribosomal coding regions are very similar for the two species, and are shown in
single panels. Data for the transcribed spacers are shown in separate panels for the two species. For the ETS, only the short section immediately preceding the
18S gene is shown. This is followed by the first section of the 18S gene. Then, from the EcoRI site in the 18S gene (position 1596 in the X. laevis 18S
sequence) the rDNA sequence data are continuous through to the start of the 28S gene. Nucleotides are numbered from the first nucleotide in each region
(ITS 1, etc.). This numbering system replaces the provisional system of Hall and Maden (1980). Sequences in the transcribed spacers that are conserved
between the two species are boxed, and internally located conserved sequences in the spacers (i.e., those which are not contiguous with the rRNA sequences)
are denoted tract 1, etc. (see also Figure 3). Wavy lines denote tracts of 10 or more nucleotides in the spacers that consist of purines only or pyrimidines only,
or which show strong bias towards a single type of base. These are denoted 'simple sequence' tracts in the text. Superscript dots over nucleotides in ITS 1 in
X. borealis denote locations where the sequence is not completely certain (see Materials and methods). The X. borealis data are from the clone pXbrlOl and
its subclone pXbrllLM. The X. laevis data are from the clone pXlrlOl (Hall and Maden, 1980; Salim and Maden, 1981; Maden et al., 1982a). See the last
paragraph of Results for comments on intraspecies variants. Also note that the 5.8S DNA sequences differ slightly from the versions that were originally
derived from rRNA, as discussed by Hall and Maden (1980). 5.8S rRNA in X. laevis shows terminal heterogeneity (Ford and Mathieson, 1978; Khan and
Maden, 1977); the sequence shown here is for the longest possible rRNA molecules. The 28S sequence in X. laevis has only been determined to nucleotide 118
(vertical line at bottom of figure).
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ITS 1 ,100bp
18S --217n -79 - 159- -38-5-85
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Fig. 3. Summary diagram of ITS 1 and ITS 2 in X. laevis and X. borealis,
showing the relative locations of the sequence tracts that are conserved bet-
ween the two species. The ends of the rRNA coding sequences are shown
in black. Conserved tracts in the transcribed spacers are shaded; divergent
tracts are unshaded. Conserved tracts which are internally located in the
spacers (i.e., those which are non-contiguous with the rRNA coding
regions) are designated by boxed numerals, which correspond to the
numbers of the tracts in Figure 2. The other numbers on these lines
designate the sequence lengths, in nucleotides, of the respective divergent
tracts. X.b.-X.l. denotes the differences in lengths between the divergent
tracts in X. borealis and X. Iaevis: a minus sign signifies that the respective
tract is shorter in X. boreal& than in X. laevis; a plus sign signifies that the
tract is longer in X. borealis.

ferences are considerable, as summarised in Figure 3.
However, in ITS 1 the length differences also largely compen-
sate for each other, so that this spacer is approximately equal
in length in the two rDNA sources. In ITS 2 the length dif-
ferences do not compensate, so that this spacer is con-
siderably longer in X. borealis than in X. laevis.
Extent of variation in divergent sequences
The regions between the conserved tracts generally differ

extensively in their sequence patterns as well as in length. For
example, at position -100 in X. laevis ITS 1 there is a
distinctive tract of 10 cytosines followed, after two nucleo-
tides, by 10 guanines. There is no obvious trace of this feature
in X. borealis. Then, shortly before the first conserved tract
in ITS 1, the X. borealis sequence is A-rich whereas the X.
laevis sequence consists almost entirely of G + C. However,
there are some short regions of partial homology outside the
main conserved tracts. For example, in the region of ITS 2
preceding the 28S sequence, both species possess C-rich tracts
as already mentioned, but the X. laevis sequence is even
richer in C than that of X. borealis. In the region of ITS 1
preceding the 5.8S gene both species possess A-rich motifs.
That in X. borealis is more extensive than that in X. laevis.
Simple sequence tendencies

There are no large scale repetitious sequence patterns in the
transcribed spacers such as those which occur in the non-
transcribed spacers (Moss et al., 1980). However, there are
tendencies towards 'simple sequence' patterns such as homo-
polymeric tracts, pyrimidine tracts and purine tracts. The
locations of some of these tracts have been mentioned and
several are indicated in Figure 2. Whereas traces of some of
these features occur in homologous locations in both rDNA
sources, as mentioned above, others are characteristic of one
or other rDNA source.

Ribosomal coding sequences
The sequenced parts of the ribosomal coding regions are

extremely similar between the two sources. There is one dif-
ference between the 3' regions of the respective 18S se-
quences, one between the 5.8S sequences and one near the 5'
end of the 28S sequence. Each of these differences is a base
substitution. The effects of these substitutions in models for
rRNA secondary structure and interaction are considered at
the end of the Discussion.
Other X. borealis and X. laevis rDNA sources

Other X. borealis rDNA clones were analysed with various
restriction enzymes in the regions encompassed by the present
study, and yielded data that were indistinguishable from
pXbrlOl. However, partial sequence analysis on one clone,
pXbr106, showed evidence for a few sites of minor variation
from pXbrl0l in the internal transcribed spacers; the variant
sites remain to be fully characterised. In X. laevis rDNA, the
transcribed spacers also show several sites of microhetero-
geneity (Stewart et al., 1983), as summarised in the Discus-
sion. In the rRNA coding regions, at the three sites of varia-
tion between X. borealis and X. laevis (Figure 2) the respec-
tive sequences appear to be the predominant ones in the two
species as revealed by analysis of one or more further clones
(this work and Maden et al., 1982b), of uncloned X. laevis
rDNA (Maden et al., 1982b) and direct analysis of 5.8S
rRNA (Ford and Mathieson, 1978).

Discussion
Transcribed spacers
Does detailed sequence information in the transcribed

spacers of Xenopus determine their accurate excision during
ribosome maturation? In Escherichia coli the sequences flank-
ing 16S and 23S rRNA, respectively, form extensive base-
paired structures which are recognised and cleaved by ribo-
nuclease III during ribosome maturation (Young and Steitz,
1978; Bram et al., 1980). In Saccharomyces carlsbergensis the
possibility of long range interactions of very limited scale in-
volving RNA processing points has also been noted but it is
clear that large parts of the transcribed spacers do not interact
in this way (Veldman et al., 198 la). In X. laevis the sequences
flanking 18S rRNA show no significant potential for inter-
action (Maden et al., 1982a). No clear cut molecular model
for the function of transcribed spacers during ribosome
maturation has been formulated for X. laevis or other higher
organisms.
The nature of the processes that have generated divergence

between the internal transcribed spacers of X. laevis and X.
borealis can be inferred from the sequence data. First, the
precision of homology in the conserved tracts (Figure 2) and
their occurrence in the same linear order in the transcribed
spacers of the two species indicate that these tracts are indeed
the unchanged remnants ofcommon ancestral ITS sequences.
Secondly, the considerable interspecies differences in spacing
between some of the conserved tracts (Figure 3) indicate a
history of insertions and/or deletions in the intervening,
divergent regions. Thirdly, the general lack of residual
homology in the divergent regions implies that multiple
changes have occurred in these regions. Fourthly, and
perhaps relatedly, there is a tendency for simple sequence
tracts (Figure 2) to be generated apparently at random in the
divergent regions. In summary, it may be inferred that the se-
quence contents of the divergent regions have undergone ex-
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tensive change through the cumulative effects of many in-
dividual occurrences including insertions, deletions and
(presumably) point mutations.

Evidence suggesting incipient sequence instability in the
transcribed spacers has also been found within X. laevis.
Detailed analysis of several rDNA clones and of uncloned
rDNA has revealed several sites of heterogeneity in all three
transcribed spacers (Stewart et al., 1983). The heterogeneities
comprise base substitutions and insertions and deletions of
one to several nucleotides. Some of the latter occur in simple
sequence oligo(C) and oligopurine tracts. All of the hetero-
geneities occur in regions showing major divergence between
X. laevis and X. borealis. Partial sequence data on another
X. borealis clone, pXbrlO6, have also revealed sites of minor
variation from the X. borealis sequence in Figure 2, as men-
tioned at the end of the Results section. These heterogeneities
imply a state of sequence flux which, given sufficient time
and the condition of genetic isolation, could provide the basis
for large scale phylogenetic divergence in the transcribed
spacers.

Changes of the nature and extent that have occurred during
divergence of the transcribed spacers in X. borealis and X.
laevis would almost certainly be disruptive to functions that
require the recognition of, or interaction between, particular
features of nucleotide sequence. A plausible interpretation of
the data is that large parts of the transcribed spacers in Xeno-
pus, including regions located only a few nucleotides from the
boundaries of the ribosomal sequences, do not function in a
sequence-specific manner during ribosome maturation. Thus,
the transcribed spacers might resemble some introns with
respect to evolution under the relative absence of selection for
sequence content (Konkel et al., 1979), while differing from
introns in that splicing is not involved in processing.

It is not clear whether the conserved sequences in the ITS
have remained unchanged due to local functional constraints
or by chance. One interesting feature of the conserved tracts
in ITS 1 is that, in DNA, each is centred upon a site of dyad
symmetry containing all four types of base. The DNA tracts
contain cleavage sites for the enzymes KpnI (tract 1), TaqI
(tract 2) and KpnI again (tract 3 in X. borealis, mutated by
one base in X. laevis). Moreover, a 10-bp region containing
the first KpnI site is also present in ITS 1 in rat (Subrah-
manyam et al., 1982). However, none of the other conserved
tracts noted here occurs in rat. Thus, any selective con-
straints, even in these short regions, must be relative rather
than absolute. Moreover, the dyad symmetry correlation does
not apply to the conserved tracts in ITS 2 in Xenopus. The
question of function, if any, of the conserved tracts, either in
DNA or in the transcript, may be resolved by further com-
parative sequence analysis and possibly by a search for initial
cleavage sites in RNA at points remote from the boundaries
of the ribosomal sequences. The results of a previous such
search in Xenopus were negative (Wellauer and David, 1974).

Thus, the main findings described in this paper contribute
to and highlight a growing body of evidence that is consistent
with the following conclusions and inferences. Large parts of
the transcribed spacers in eukaryotes undergo rapid phylo-
genetic change including insertions and deletions. Change of
this nature and extent would almost certainly be disruptive to
any function that is closely related to sequence content. It
seems unlikely that such functions are mediated by the bulk
of the transcribed spacers. Whether the short conserved tracts
are under some degree of functional constraint or have re-
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Fig. 4. The distal part of the penultimate arm in the secondary structure
model for 18S rRNA, showing the inferred structures for S. cerevisiae,
Xenopus and Drosophila melanogaster. Sequence data for yeast are from
Rubstov et al. (1980) and for D. melanogaster are from Jordan et al.
(1980). The secondary structures for yeast and Xenopus are as shown in
the complete secondary structure model of 18S rRNA (Zweib et al., 1981).
The Drosophila sequence was fitted to the relevant part of the model in the
present work.

mained unchanged by chance is at present unknown.
An alternative view of ribosome formation in higher

eukaryotes, including Xenopus, is that excision of rRNA
from the precursor is signalled by the completion of steps in
the assembly of nascent ribosomes themselves. This would be
consistent with two early observations on ribosome forma-
tion in animal cells; (i) precursor rRNA cleavage occurs
within nascent ribosomal particles in the nucleolus (Warner
and Soeiro, 1967), (ii) metabolic perturbations which affect
protein synthesis, and which might therefore be expected to
affect ribosome assembly, correspondingly affect the kinetics
of cleavage of ribosomal precursor RNA (Willems et al.,
1969; Maden et al., 1969).
Variants in ribosomal coding sequences
The variants in the regions of the ribosomal coding se-

quences that have been examined are minimal in extent but
are of interest in relation to models of rRNA secondary struc-
ture and interaction. The one site of variation in the 18S se-
quence data in Figure 2 is a C-A substitution -100 nucleo-
tides from the 3' end of the sequence. In models of 18S
rRNA secondary structure (Zwieb et al., 1981; Stiegler et al.,
1981) this site is located at the extreme tip of a helical arm
whose primary structure is among the most variable parts of
the 18S sequence when distantly related eukaryotes are com-
pared (Figure 4). Hence this site of minimal variation between
X. borealis and X. laevis is in accordance with larger scale
phylogenetic trends.

There is a single site of variation between the respective
5.8S sequences and another near the 5' end of the respective
28S sequences. A working model for the interaction between
5.8S and 28S rRNA has recently been proposed by several
groups of workers (Pace et al., 1977; Veldman et al., 1981b;
Walker et al., 1982; Michot et al., 1982). The Xenopus se-
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GC GACAGACUCCAG
C A U ACU CAGCACCCCCCCCCC

GCGG t t T G G

C A (borealis) (bo,ealis)
28S 5' end

Fig. 5. Probable interaction between the 3' region of 5.8S rRNA and 5'
end of 28S rRNA. Evidence in support of this general model includes se-
quence data from various eukaryotes, homology with the 5' region of
E. coli 23S rRNA and direct chemical evidence on 5.8S rRNA complexed
with 28S rRNA (Veldman et al., 1981b; Michot et al., 1982; Nazar, 1980;
Pace et al., 1977, Walker et al., 1982). The diagram is adapted from
Walker et al. (1982). Arm IV of 5.8S rRNA is the internal helix referred to
in the text. Also shown are the adjacent parts of ITS 2. There is no ap-
parent potential for interaction between these regions of ITS 2 in either
species of Xenopus. The double arrow at the 3' end of 5.8S rRNA denotes
probable terminal heterogeneity (Khan and Maden, 1977).

quences are shown fitted to this model in Figure 5. In-
terestingly the single base changes between X. borealis and X.
laevis occur in close proximity to each other in the model.
Pace et al. (1977) and Walker et al. (1982) have discussed the
possibility that the internal 5.8S helix IV (Figure 5) may con-
tribute in some as yet undefined way to the intermolecular
interaction with 28S. It may be noted here that the slightly
destabilising change in the internal 5.8S helix in X. borealis is
matched by a stabilizing change in the intermolecular inter-
action (Figure 5). Thus the two changes might possibly be
compensating in terms of overall stability of the region. Com-
parative data between more distantly related organisms show
further variations in the details of intramolecular and inter-
molecular interactions in these regions, while conserving the
overall scheme as shown in Figure 5 (Veldman et al., 1981b;
Michot et al., 1982).

Materials and methods
The rDNA clone pXbrlOl (see Figure 1) is one of a series of recombinants

that were obtained by digesting amplified rDNA from X. borealis oocytes
with HindIII and cloning into the HindIII site of the plasmid pMB9
(R.Reeder, personal cormmunication). [In early work mentioned in the In-
troduction (Brown et al., 1972; Forsheit et al., 1974) this species was
mistakenly identified as X. mulleri; see Brown et al., 1977.] Other recom-
binants in this series were designated pXbrlO2- 106. Each contains a complete
unit of the rDNA repeating structure from the start of the non-transcribed
spacer to the end of the 28S gene (Figure 1). The clones correspond to the pX-
lrlO1 series of X. laevis rDNA clones, also constructed by R.Reeder and used
in previous studies in this laboratory. Most of the sequence data described in
this paper were obtained after first subcloning the indicated EcoRI-BamHI
fragment (Figure 1) into pBR322, this subclone being designated pX-
brlOlLM. Sequence data encompassing the 5' end of the 18S gene were ob-
tained directly from pXbrlOl, utilizing the XbaI site near the left hand end of
the gene (Figure 1). (Among the differences between X. laevis and X. borealis
rDNA is the presence in the former and absence from the latter of a BamHI
site in ITS 2. Thus the EcoRI-BamHI region 'LM' in X. borealis is
represented by two smaller, separately subcloned regions, L and M in X. -

laevis; Hall and Maden, 1980.)
A restriction map of the 18S- 28S intergene region in pXbrlOlLM was ob-

tained by the method of Smith and Bimstiel (1976) and this provided the basis
for sequencing (Figure 6) by the method of Maxam and Gilbert (1980).
Restriction fragments were subjected to 5' labelling followed by secondary
restriction and chemical cleavage reactions as in Maden et al. (1982a). Most of
the sequence was unambiguously established from data on both strands. A
few short regions were sequenced on one strand only, due to lack of suitable
restriction sites for sequencing the other strand. In individual sequencing gels

185 3end ITS 5 8S ITS 2 5end 28S
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Fig. 6. Sequencing strategy for the region of rDNA from the EcoRI site at
the 3' end of 18S to the 5' end of 28S as described in Figure 2. Only those
sites used for labelling following primary restriction are noted in the figure
and so this is not a complete restriction map. The beginning of each arrow
denotes the restriction site at which the fragment was labelled at the 5'
end. The arrow tip denotes the longest reading of all the gels starting from
the indicated restriction site.

the main uncertainties were caused by compression artefacts in GC-rich parts
of the sequence, as was also found in the X. laevis transcribed spacers (Hall
and Maden 1980; Maden et al., 1982a). Most of these uncertainties were
resolved from the combined data from several gels. In ITS 1 there remained a
few uncertainties in the exact number and/or order of C and G residues at a
few sites (indicated by superscript dots in Figure 2) due to persistent secondary
structure. We believe that the sequences shown at these points are approxi-
mately correct; any minor errors at these sites would not affect our main con-
clusions.
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