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ABSTRACT

We have analyzed the nucleotide sequences of the nontranscribed spacer
(NTS) and transcription dinitiation and termination regions of the
extrachromosomal rDNAs of the ciliated protozoans Tetrahymena thermophila and
Glaucoma chattoni. The sequences surrounding The sites of transcription
Tnitiation and termination are highly conserved. The only extensive
homologies of the NTS regions occur in five sets of dispersed repetitive
sequences. Type I, II and III repeats in the 5' NTS are strongly conserved
in sequence between Tetrahymena and Glaucoma in the case of the type I and III
repeats, and in location re%af?ve to the transcription initiation site in the
case of type I and II repeats. We identify two new repeat types, designated
IV and V, in the 3' NTS. The sequence of type IV repeats, and the location
relative to the transcription termination site of type IV and V repeats, are
conserved. A1l five types of repeats are interspersed with nonconserved DNA
sequences. These results suggest that the five repeat types in the 5' and 3'
NTSs are important in rRNA gene function; the sequence organization, and the
differing rates of divergence between species of the repeat types, provide
strong evidence for their functional selection through the process of
molecular coevolution.

INTRODUCTION

The ribosomal RNA genes (rDNA) in metazoan eukaryotes are organized as
hundreds of tandemly repeated units at one or more chromosomal loci (reviewed
in 1). Each unit consists of a nontranscribed spacer (NTS) and pre-rRNA
coding region. Nontranscribed spacers typically contain several families of
repeated sequence elements, and some types of these elements are 1likely to
function as promoters and enhancers of transcription in Xenopus laevis (2,3)
and Drosophila (4,5). The NTS sequence organization is poorly conserved, even
between closely related species (6-8). Experiments utilizing in vitro
transcription assays have shown that only promoter sequences and cellular
extracts from the same species will correctly initiate transcription (9-11),
suggesting that the rapid evolution of spacer sequences occurs even in
functionally important regions of the NTS. Through a process termed
molecular coevolution (12), rapid changes in spacer sequences that are

© IRL Press Limited, Oxford, England. 2661



Nucleic Acids Research

necessary for rDNA function must in turn be accompanied by compensatory
changes in the proteins that interact with the NTS.

The divergence of NTS sequences seen when rDNA units from different
species are compared contrasts sharply with the homogeneity of NTSs 1in rDNA
units within and between 1individuals of the same species. Molecular
mechanisms such as unequal crossing over and gene conversion operating in a
multigene family could result in the spread and eventual fixation of a variant
rDNA unit in a population of repeated rDNA units (reviewed in 7). Thus, these
mechanisms can account for both the rapid evolution of NTS sequences and the
intraspecies NTS homogeneity. The presence of repeated elements in the NTS of
a variant rDNA, by effectively increasing the frequency of recombination at
that unit, would favor the spread of that variant throughout the rDNA
population. This has 1led to the suggestion that at least some repeated
elements in the NTS may be maintained simply as a consequence of unequal
crossing-over in the multigene rDNA family (6).

To define those structural elements of the NTS that are conserved in the
absence of selective mechanisms which function because of the tandem repeti-
tion of rDNA units, we have determined and compared complete NTS sequences of
two ciliate species: Tetrahymena thermophila and Glaucoma chattoni. 1In T.
thermophila, the germline (mfcronuclear) haploid genomic complement of rDNA
consists of a single rDMA unit (13). This micronuclear copy is the source of
several thousand identical amplified extrachromosomal rDNA molecules in the
transcriptionally active macronucleus. In many other inbred ciliates,
including G. chattoni (14), the amplified macronuclear rDNA consists of a
homogeneous population of molecules, arguing that they are also generated from
one or very few germline rDNA copies. Macronuclear rDNA in T. thermophila is
organized as 1linear 21 kb palindromic molecules containing two head-to-head
copies of divergently transcribed rRNA genes flanked by 5° and 3'
nontranscribed spacers (5' and 3' NTSs). G. chattoni macronuclear rDNA
consists of linear 9.3 kb molecules, each with a single rRNA transcription
unit and flanking 5' and 3' NTSs. The nontranscribed spacers of these
macronuclear rDNAs must include sequences involved not only in the promotion
regulation and termination of rRNA transcription (15-19), but also in
replicatfon initiation (20,21), copy number control, packaging in nucleoli,
and excision and subsequent amplification of rDNA molecules from the single
micronuclear chromosomal locus during macronuclear development.

Our analysis of the Tetrahymena and Glaucoma 5' and 3' NTSs shows that
the only conserved structures in these spacers are five types of repeated
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elements interspersed with unconserved sequences. Since the structure and
arrangement of these repeated elements cannot be accounted for by conventional
mechanisms of unequal crossing-over or gene conversion, we propose that they
are maintained by functional selection through molecular coevolution.

MATERIALS AND METHODS
Preparation of rDNAs from Glaucoma chattoni and Tetrahymena thermophila

G. chattonf, strain GH-1, was maintained in stock cultures and grown as
described previously (14). Macronuclear rDNA was prepared by fractionation of
total undigested cellular DNA by agarose gel electrophoresis, and purification
of the 9.3 kb size class which consists of the macronuclear rDNA molecules
(14). T. thermophila dinbred strain B was grown and macronuclear rDNA was
purified as described by Wild and Gall (22), or by a modification of the
method of Din and Engberg (23).

Recombinant DNA Techniques and DNA Sequencing

For the determination of rDNA sequences, three plasmids containing
inserts of rDNA telomeric fragments were constructed from T. thermophila or G.
chattoni rDNA by treatment with S1 nuclease followed by complete digestion
with BamHI and 1igation into Pvull-BamHI digested pBR322 DNA as described
previously for cloning other telomeric regions (24). pTrel and pGre7 contain
the telomeric BamHl fragments that include the 3' NTS from the T. thermophila
and G. chattoni rDNAs respectively. pGre2 contains the other telomeric BamHl
fragment from G. chattoni rDNA including the 5'NTS. Each of these cloned
telomeric rDNA segments carries a terminal stretch of C4Ap repeats (14,25,26).
The plasmid pTtrl, which contains the central HindIII fragment of T.
thermophila rONA inserted into the HindIII site of pBR322, was also used for
DNA sequence analysis. Techniques used 1in the construction and analysis of
recombinant DNA were essentially as described in Maniatis et al. (27).
Plasmid DNA for sequencing was isolated using the alkaline extraction
procedure of Birnboim and Doly (28) followed by either CsCl-ethidium bromide
density gradient centrifugation or phenol extraction and ethanol
precipitation. DNA sequence analysis was according to Maxam and Gilbert
(29).

Computer analysis of DNA sequences was carried out using a program
obtained from A. Delaney, University of British Columbia (30) extensively
modified by Yau-Hing Pak, York University. A program to find the optimal
aligmment based on homology of a pair of similar sequences was written by W.
Gish, University of California, Berkeley and used with the asistance of Mike
Cherry, University of California, Berkeley.
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RESULTS
The 5'NTS Sequence of Tetrahymena and Glaucoma rDNA Molecules

We determined the complete nucleotide sequence of the 5'NTS and part of
the external transcribbed spacer (ETS) of the extrachromosomal rDNA molecules
of the ciliated protozoa T. thermophila and G. chattoni. The sequencing
strategies are given 1in Fig. 1la and c. For T. thermophila the sequence
presented (Fig. 1b) {includes sequences determined in this study, sequences
near the center of the molecule we have previously published (31) and ETS
sequences recently reported by Engberg et al. (17) and confirmed by ourselves.
The sequence numbering starts at the 5' end of the central 29 bp
nonpalindromic region (31), and the orientation of this region with respect to
the palindromic region is the same as in the 1l1inear 11 kb form of the rDNA
found in developing but not mature vegetatively growing cells (32; Challoner
and Blackburn, manuscript in preparation) and 1in the single integrated rDNA
copy in the micronucleus (M.-C. Yao, personal communication). There are a few
minor modifications to previously published sequences (31). The telomere
associated sequence of the G. chattoni rDNA (bp 1-200) will be discussed in
detail elsewhere (Challoner and Blackburn, manuscript in preparation), but the
sequencing strategy and sequence of the entire NTS and flanking regions is
presented here for completeness and ease of reference.

We compared the T. thermophila and G. chattoni sequences with each other
and with the sequence of the analogous region from T. pyriformis (15,33) using
computer generated two-dimensional matrix plots (data not shown). Pairwise

Fig; 1. Sequence of T. thermophila and G. chattoni rDNA 5'NTS and adjacent
regions.

a. T. thermophila 5'NTS sequencing strategy and partial restriction map.
Sequencing of the regions shown (+) was according to Maxam and Gilbert (29).
Fragments were end labelled and sequences read towards the arrowheads. All
regions not sequenced have been previously published (17,31). C =Clal; D =
Ddel; E2 = EcoRII; F = Fokl; H = HindIII; Ha = Haelll; Hf = Hinfl; Hh = Hhal;
M = Mspl; R = Rsal; S = SfaNl; T = Taql; X = Xbal.

b. T. thermophila rONA 5'NTS sequence reading in the 5'+3' direction
beginning at “the non-palindromic region (bpl+29, double underline) at the
center of the molecule. Transcribed regfon begins at bp 1859 (17) and is
underlined. Repeated sequences are boxed and named below each box.

c. G. chattoni 5'NTS sequencing strategy and partial restriction map.
Sequences were determined from the plasmid pGre2. The thicker segment of the
map from +6 to -200 {s telomeric C4A2 repeats (14) with pBR322 vector to the
left and rONA 5'NTS to the right o% the C4Ap repeats. Sequencing strategy and
restriction sites are as described for Fig. 1la.

d. G. chattoni rDNA 5'NTS sequence reading 1in the 5'+3' direction
beginning “at “the most proximal telomeric CqA2 repeat (bp 1+6, double
underline). Transcribed region and repeats are indicated as described for
Fig. 1b.
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comparisons of the Tetrahymena and Glaucoma sequences showed that the pre-rRNA
ETS and about 140 bp of 5'NTS adjacent to the site of transcription initiation
are the only sequences well conserved among the three species. The high
degree of homology in this region is illustrated in Fig. 2, where sequences
flanking the transcription initiatfon region from the three species are
arranged to give optimal alignment.

Niles et al. (15) have reported that an array of three types of repeated
sequences, referred to as type I, II and III repeats, are present in the NTS
region of Tetrahymena pyriformis. We found similar repeat arrays in the
analogous regions of the T. thermophila and G. chattoni NTS, as shown by the
boxed sequences in Fig. 1b and d. A detailed comparison of the organization
of the repeat arrays in these species is presented in Fig. 3a. The
The sequences of the individual members of the three repeat types are aligned
in Fig. 3b to produce the maximum homology of repeat members for both intra-
and interspecies comparisons. These conserved repeated sequences are
embedded 1in a completely nonconserved matrix. From the data in Fig. 3 it is
seen that both the sequences and positions of the three repeat types are
remarkably well conserved among the three ciliate species. Considering only
the DNA sequence, the conservation of the repeat elements is: type III >type
I >>type II, while the constraints on the number and location of the repeats
are:  type I >typell >type III. It is in fact because of the extremely high
conservation of both the position of the type I repeats, and the sequence
around the transcription start site, that by analogy with the two Tetrahymena
species we infer transcription in Glaucoma to initiate with the A residue at
position 1545. Finally, it 1{s notable that the sub-domain of a type I and
three type III repeats proximal to the transcription initiation site in T.
thermophila is duplicated approximately 400 bp upstream in this species. This
subdomain is part of a larger ~420 bp tandem duplication from bp 500 to bp
1340 that is not found in T. pyriformis or G. chattoni.

The 3'NTS Regions of Tetrahymena and Glaucoma rDNA

We determined the complete nucleotide sequence of the G. chattoni rDNA 3'
NTS and 260 bp of the adjacent 26S rRNA coding sequence (Fig. 4c,d). We also
completed the sequence of the corresponding region in T. thermophila rDNA
(Fig. 4a,b). The sequences in Fig. 4 both read from 355 pre-rRNA towards the
telomeres and are numbered so that transcription termination is at bp 260.
Again, the telomere associated sequences of the G. chattoni 3'NTS
(bp 1151-1351) will be discussed in detail elsewhere (Challoner and Blackburn,
manuscript in preparation), but are included here for completeness.
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Computer analysis of these Glaucoma and Tetrahymena sequences revealed
that the most extensive homology is found in the 3' end of the 35S pre-rRNA
gene and the adjoining 40 bp of the NTS. The alignment of this region for
maximum homology, including the published sequence from T. pyriformis rDNA
(19), 1is shown in Figure 5. Although the 355 pre-rRNA transcription
termination site of G. chattoni has not been directly mapped by Sl nuclease
protection experiments, it has been mapped for both T. thermophila and T.
pyriformis rDNA (18,19). The strong conservation of this sequence in G.
chattoni argues that this sequence 1is also the transcription termination
region of G. chattoni. This conclusion 1is reinforced by restriction mapping
and sequencing data obtained for G. chattoni sequences upstream in the 26S
rRNA coding region (data not shown), where the conservation of restriction
sites and DNA sequences between the T. thermophila and G. chattoni pre-35S
rRNA genes allows the unambiguous alignment of the upstream 26S rRNA coding
sequences.

The analyses of the 3'NTS regions of Tetrahymena and Glaucoma rDNA
revealed two new types of spacer repeats. First, as shown in Figures 4b and
4d, the 3'NTS's of G. chattoni and T. thermophila each contain a
characteristic array of repeated DNA sequences, which we denote type 1V
repeats. The alignment of sequences surrounding the transcription termination
regions of G. chattoni, T. thermophila and T. pyriformis also shows that the
two type IV repeats closest to the transcription unit are common to all three
species (Fig. 5). The position relative to the transcription termination site
of the first type IV repeat, IVa, is highly conserved, being 10 bp downstream
from the termination site in all three species; the second repeat, IVb, is
separated from IVa by a distance which varies between 79 and 89 bp 1in these
ciliates. In G. chattoni seven other type IV repeats (IVc-IVi) are
distributed downstream from repeats IVa and IVb as shown by the boxed
sequences in Fig. 4d. The positions and sequences of the type IV repeats from

Fig. 3. Organization and sequences of three repeat types in the rDNA 5'NTS.

a. Organization of the three repeat types, using momenclature of Niles
et al. (15), in the 5'NTS of G. chattoni (G.c.), T. pyriformis (T.p.) and T.
thermophila (T.t.), aligned from Transcription initiation sites at the extreme
right of the figure. Members of each repeat type are named above the filled
boxed areas representing the repeat. Open boxed areas between repeats
represent non-repetitive sequence.

b. Comparison of the primary sequence of all Type I, II and III repeats
of G. chattoni, T. pyriformis and T. thermophila. Nomenclature is consistent
with part a of this figure. Sequences for E, pyriformis are from refs. 15 and
33.
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G. chattoni, T. thermophila and T. pyriformis are compared in Figures 6a and
6b respectively, showing that the 17 bp sequence is highly conserved both
within and between these three ciliates. Repeats IVb to IVi are quite
regqularly spaced in G. chattoni, with the length of nonconserved sequence
between the repeats varying from 21 to 44 bp.

The second type of repeated sequences in the 3'NTS regions of G. chattoni
and T. thermophila, occuring distal to the type IV repeats, are termed type V
repeats. The 1length of each type V repeat unit 1is ~130 bp. They are most
obvious in the 3'NTS of T. thermophila, which has four type V repeats, Va-vd,
as shown 1in Figs. 4b and 6a. Repeats Vb, Vc and Vd are tandemly repeated.
Repeats Va and Vb are separated by 138 bp that are notable not only for a
Tength very close to the type V repeat length, but also for including three 11
to 16 bp sequences (termed Vbl, Vb2, and Vb3) that are duplications of one end
of the type V repeats (Fig. 6b). In the lower portion of Fig. 6b the type V
repeats of‘I, thermophila are aligned to show that while the majority of the
repeat sequence is very well conserved, a 24 bp section beginning 31 bp from
one end is different in each type V repeat unit. These "variable" regions
have an average G+C content of 45%, or more than twice the 20% G+C found in
the rest of the repeat sequences. The presence of these G+C rich variable
sequences suggests that different sections of the type V repeats are subject
to different selective pressure.

Fig. 4. Sequence of T. thermophila and G. chattoni rDNA 3'NTS and adjacent
regions.

a. T. thermophila 3'NTS sequencing strategy and partfal restriction map.
Sequences were determined from the plasmid pTrel. The thicker segment of the
map from 2053 to 2388 represents telomeric CqAz repeats with rDNA 3'NTS to the
left and pBR322 vector to the right of the CaA> repeats. All regions not
sequenced have been previously published (18,26?. Sequencing strategy and
restriction sites are as described for Fig. la, except S = Sau96Il.

b. T. thermophila rDNA 3'NTS sequence reading in the 5'»3' direction
beginnning with the Tast 60 bp of the pre-26S rRNA coding region (underlined,
18). Repeated sequences are boxed and named below each box. Thick underline
in Type V repeat boxes {indicates region of variable sequence. The listed
sequence ends at the most distal HindIIl site of the rDNA molecule
(bp1689-1694). The remaining 358 bp of the 3'NTS is published in ref. 26.

c. G. chattoni 3'NTS sequencing strategy and partial restriction map.
Sequences were determined from the plasmid pGre7. The thicker segment of the
map from 1346 to 1574 represents telomeric C4A repeats with rDNA 3'NTS to the
left and pBR322 vector to the right of the C4A» repeats. Sequencing strategy
and restriction sites are as described for Fig. la.

d. G. chattoni rDNA 3'NTS sequence reading 1in the 5'+3' direction
beginning with the Tast 260 bp of the pre-26S rRNA coding region. Transcribed
regfon and repeats are indicated as described for Fi%. 4b. The 1listed
segue?ge ?nds at the most proximal telomeric C4A» repeat (bp 1346+1351, double
underline).
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GCCTCTAAGTCAGAATCCATGCTGGAAAGCHAL --- | -74
GCCTCTAAGTCAGAATCCATGCTGGAAAG '5 GCA, AG

" CET GAGAGTAGAMAC
ONIIEGAACGGGTATTGTAAGCATGAGAGTAGAA
ACGGAACG ATTGTAAGIATGAGAGTAGAA

AACTAC
RQrraactEc TR
3

Fig. 5. Comparison of the pre-rRNA transcription terminatfon site and 3'
€lanking regions. The optimal aligmment of the region surrounding the pre-26S
rRNA transcription termination site that is conserved among G. chattoni
(G.c.), T. thermophila (G.t.) and T. pyriformis (T.p.) is shown Tsee 18,197,
- indicates p gap introduced to maximize alignment. Sequences are 5' to 3'
left to right so that transcription is rightward toward the terminal
nucleotides of 26S and pre-26S rRNA as determined for T. pyriformis (=; 19)
and T. thermophila (V; 18). Boxes enclose positions where Tdentical bases are
found in at Teast two of the species. The numbering refers to the G. chattoni
sequence and is consistent with Fig. 4d. Type 1V repeats are underTined.

The structure and location of the analogous G. chattoni type V repeats
are given in Figures 6a and 6b. Like the T. thermophila type V repeats they
contain regions of variable sequence, but in G. chattoni each type V unit has
two regions of variable sequence, and the ratio of variable to conserved
sequence is much greater. The Glaucoma and Tetrahymena type V repeats have
short sequences in common, such as CCACTT and TTTCATTCAA, but in general the
sequence of the type V repeats is poorly conserved between the two organisms.
However, three features of the Glaucoma and Tetrahymena type V repeats are
very similar. As mentioned above, their length and the presence of variable
sequences within the repeats are conserved between Glaucoma and Tetrahymena.
Also, the distances from the most proximal repeat, Va, to the transcription
unit are 485 bp and 459 bp 1in Glaucoma and Tetrahymena respectively.
Therefore, the most important characteristics of the type V repeats based on
conservation among Glaucoma and Tetrahymena seem to be size, location, and
morphology (i.e. the interspersion of "variable” and conserved sequences
within the type V repeat unit).
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DISCUSSINN
Structure of the Transcription Initiation Region

As in other eukaryotes, 5'NTS sequences and possibly sections of the 5'
ETS in Tetrahymena and Glaucoma probably function as promoters and enhancers
of rRNA transcription. Niles et al. (15,33) showed that the 590 bp of 5'NTS
adjacent to the initfation site in T. pyriformis rDNA contain three types of
dispersed repeated sequences. T. thermophila also has three repeated sequence
types, organised in a similar array, 1in the 670 bp immediately adjoining the
rRNA initiation site. We find a very similar pattern in the corresponding
region of the Glaucoma 5'NTS, indicating that the array of promoter associated
repeats is highly conserved (see Fig. 3). However, while the sequences of the
type 1 and type III repeats 1in Glaucoma and Tetrahymena are conserved, the
type II repeats at positions 1170 to 1400 in Glaucoma and 1360 to 1630 in T.
thermophila are not homologous. A similar pattern of homology 1s observed
when Glaucoma sequences are compared with those of T. pyriformis. There are
no other long homologies between the Glaucoma and Tetrahymena 5'NTS sequences
distal to the repeat array.

The most constant feature of the repeat domain in the 5'NTS adjacent to
the 35S pre-rRNA coding region is the position of the two type I repeats
within 120 bp of the transcription initiation site. A type I repeat is also
found in all three organisms at the distal end of the repeat region, although
the distance from this repeat to the initiation site varies from 432 to 637
bp. Next to this distal type I repeat, all three rDNA molecules have one to
four type III repeats with a highly conserved primary sequence. The position
of the type III repeats relative to the transcription initiation site and the
position and number of the less conserved type 1II repeats are both quite
variable. Nevertheless, the strong homologies between the‘ Glaucoma and
Tetrahymena upstream repeats, and the overall similarities of the arrays in
each species suggest that these repeats have a function in the 1{nitiation of
pre-rRNA transcription.

Several features of the ciliate rDNA promoter and upstream region are
similar to the rRNA promoters of higher eukaryotes. Data from other organisms
suggests that some sequences 3' to the NTS/ETS boundary may be essential for
transcription initation (34-36). The extremely strong sequence conservatfon
in this region among cilfates (see Fig. 2) dis consistent with this
hypothesis. 1In Xenopus laevis the segment from -142 to +6 bp (relative to the
transcription start site) is required for maximal rRNA transcription (37 38);
the corresponding region of the D. melanogaster rRNA promoter {1s located
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between -43 to -27 bp and -13 to +4 bp (39,40). A section of these
functionally defined Xenopus and Drosophila promoters are duplicated a
variable number of times in the rDNA NTS. In Xenopus the duplicated region is
from -145 to about +1 (41,42); in Drosophila the duplicated region is from -18
to +24 bp (5). Clearly, the organization of the type I repeats in ciliates is
qualitatively similar to these duplicated rRNA promoters in higher eukaryotes.
Moss (3) has shown that in Xenopus oocytes injected duplicated promoters can
bind RNA polymerase I and initiate transcription in the NTS. Transcription
has also been observed to initiate in vitro in the analogous region of the
Droosphila NTS (4). By analogy to these promoters and NTS promoter-1ike
duplications 1in Xenopus and Drosophila, the type I repeats also probably
interact with RNA polymerase I.

A second similarity between the Xenopus and ciliate NTS 1is that the
Xenopus promoter duplicatfons are separated by a series of tandem "60/80"
repeats (41). The type Il repeats in the Glaucoma and Tetrahymena 5'NTS are
found in a location equivalent to the 60/80 repeats. Niles et al. (15) have
postulated that if the type I repeats are in fact RNA polymerase I binding
sites, then the type II and type III repeats may have a role in regulating or
enhancing transcription initfation.

Comparison of the 3'NTS Regions of Glaucoma and Tetrahymena

The major conserved structure in the 3'NTS are the type IV and V repeats,
embedded in otherwise diverged sequences. The alignment of Glaucoma and
Tetrahymena sequences in Fig. 5 shows that the only highly conserved sequences
in the 3'NTS immediately adjoining the termination site are the IVa and 1Vb
repeats, although by fixing the position of these repeats, some scattered
homology 1in the sequences between IVa and 1Vb suggests a common origin for
this region. In addition, a T-rich sequence, characteristic of RNA polymerase
1 termination sites, precedes both IVa and IVb. Thus, it fs possible that IVb
and the T-rich sequence may be an additional, or "failsafe”, termination site
for the 35S pre-rRNA transcript. While the strong conservatfon of the

Fig. 6. Organization and sequences of two repeat types in the rDNA 3'NTS.

a. Organization of the Type IV and Type V repeats in rDNA 3'NTSs aligned
from transcription termination sites at the extreme left of the figure.
Members of each repeat type are named above the filled boxed areas
representing the repeat. Variable regions of Type V repeats are shown by
hatched bars. Open boxed areas between repeats represents non-repetitive
sequence. ND = not determined.

b. Comparison of the primary sequence of all known type IV and V repeats
of G. chattoni, T. pyriformis and T. thermophila. Nomenclature is consistent
with part a of this ;1gure. Sequences for 1. pyriformis are from ref. 19.
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sequences and posftions of IVa and IVb relative to the transcription
termination site makes it very probable that they play a role in transcription
termination, this does not explain the function of repeats IVc to IVi in the
Glaucoma 3'NTS, which lack adjacent T-rich sequences.

A peculiarity of the highly conserved type IV repeats is that the central
7 bp, AACCCCA, of the 17 bp sequence {is also found in the telomeres of
Glaucoma and Tetrahymena macronuclear DNAs. The telomeric sequence in these
organisms consists of tandem repeats of the hexanucleotide CCCCAA (14,25).
Furthermore, the AACCCCA sequence in the type IV repeats has the same strand
orientation as the distal telomeric sequence. In the hemoflagellate
Trypanosoma brucei a similarly non-random occurrence of telomere-1ike
sequences occurs Jjust downstream from some copies of variable surface
glycoprotein genes (24,43). Like the Tetrahymena rRNA gene, these expressed
or expressable genes are located near the ends of nuclear DNA molecules, and
the strand orientation of the telomere-related sequences also matches that of
the telomeric repeats (43). The significance of the non-random occurrence of
telomere-related sequences downstream from telomeric genes is not currently
understood.

The type V repeats which we have identified in G. chattoni and T.
thermophila are conserved in position relative to the transcription unit, but
not relative to the end of the macronuclear rDNA molecule. In data presented
elsewhere (Challoner and Blackburn, manuscript in preparation), we have shown
that in two strains of Tetrahymena pigmentosa, the sequences extending 700 and
1300 bp from the rDNA telomeres do not contain type V repeats. Thus, a role
for the type V repeats in telomere formation or function seems unlikely. An
analysis of T. thermophilia 3'NTS chromatin structure (Budarf and Blackburn,
manuscript in preparation) revealed that the type V repeats define a region of
unique non-nucleosomal chromatin that is bounded on the distal side by phased
nucleosomes. Taken together, these results suggest that type V repeats
function either in the packaging of rRNA genes 1in the nucleolus or in
transcriptional control.

There are several striking similarities between ciliate type V repeats
and a set of tandemly repeated sequences recently identified in the 3'NTS of
Physarum polycephalum (44). Specifically, the Physarum repeats are also 130
bp long, and are 1located in the same position relative to the rRNA coding
region (i.e. they begin approximately 470 bp from the termination site). The
ciliate type V repeats and the Physarum 130 bp repeats do not share any sig-
nificant sequence homologies: this is not surprising, since even at the
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evolutionary distance between Glaucoma and Tetrahymena the type V repeat
primary sequence has diverged.
Evolution of Spacer Repeats in Eukaryotic rRNA Genes

Our analysis of both the 5' and 3' NTS of extrachromosomal rDNA from two
ciliated protozoan species reveals conservation of both sequence and position
of five types of repeated elements. A1l of these conserved sequence elements
are embedded in a matrix of nonconserved sequences. Repeat types I-III were
identified previously in the T. pyriformis 5'NTS (15); our finding that they
are highly conserved in two other ciliate species provides evidence for their
functional importance. Repeat types IV and V have not been identified before.

The domain of repeats adjacent to the transcription initiation site in
ciliates (types 1-111) {is the only example in which classes of repeat elements
upstream from the rRNA transcription initiation site have been distinguished
by different rates of sequence divergence. Similarly, of the 3'NTS repeats,
we find that the type IV repeats are analogous to type I repeats in the strong
conservation of both sequence and position relative to the transcription unit.
In contrast, the type V repeats, 1ike the type I1 repeats, consist of
sequences that have diverged between Glaucoma and Tetrahymena, but are highly
conserved in position relative to the transcription unit.

The rapid rate of type II repeat sequence divergence may be relevant to
studies showing strong species specificity of the rRNA promoter 1in cell-free
transcription systems from other eukaryotes (11,45,46). In these experiments,
cellular extracts for RNA polymerase I transcription initiated transcription
from the homologous, but not the heterologous, rDNA promoter, even when
promoter-homologous RNA polymerase I was included in the assay. Thus, the
species specificity of rRNA transcription initiation is not solely a function
of the polymerase and promoter {interaction, but must be mediated by other
trans-acting factors. The molecular coevolution of such factors and
corresponding rapidly evolving NTS recognition sites provides the simplest
explanation for this specificity. In the ciliate 5'NTS sequences described
here, the divergent type II repeats are a probable source of species
specificity at the ciliate rDNA promoter.

The type III repeats, although variable in number and position, have the
most highly conserved sequence of the 5'NTS repeat types. These repeats have
been shown in Tetrahymena to be sites for cleavage (0. Westergaard, personal
communication) by a strand specific, endogenous SDS dependent nuclease (47).
Although the type III repeats in T. pyriformis and the upstream copy of the
repeats in T. thermophila are near the in vivo origin of bidirectional
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replication of these rONAs (20,21), they are not necessarily involved with
replication function; only one of the two ARS elements in the 5'NTS of T.
thermophila contains type III repeats (26,48). Further discussion of the
replication of the protozoan rDNAs is presented in the accompanying paper
(48).

The structural organization of spacer repeats that we find in ciliate
nontranscribed spacers have obvious implications not only for their functional
significance, but also for the evolutionary relationship of spacer repeats in
general. Clearly, as the sequence of a set of repeat types changes, there is
some mechanism which ensures that all elements of the set remain homogeneous.
It has been suggested that tandemly repeated sequences will be homogenized by
unequal crossing-over between the repeats in sister chromatids (49,50).
However, in each ciliate species all the arrays of NTS repeats are
characterized by the presence of highly conserved regions interspersed with
divergent sequences. This interspersion of conserved and divergent sequences
in an array precludes simple wmechanisms of unequal crossing over or gene
conversion to maintain homogeneity within a species, since neither unequal
crossing-over nor gene conversion alone would result in the observed dispersal
of conserved repeats in a matrix of nonconserved DNA.

Furthermore, because there is only one rDNA copy in the T.
thermophila germline genome, and probably one or only a few in G. chattoni, no
opportunity exists’ for the spread of changes in these rRNA gene spacers by
unequal crossing over between tandem repeated rDNA units. These
considerations argue strongly that there must be functional selection to
maintain the sequence and relative locations of each type of repeat, and that
the selective pressure must be different at each set of repeats because of the
observed difference in the rate of sequence divergence. Thus, the concept of
molecular coevolution (12) agrees well with our data on the rDNA sequence
similarities and differences between cilfate species. Type I and type 1V
repeats are highly conserved in sequence and position relative to the
transcription unit, suggesting that they interact with transcriptional enzymes
or factors which do not differ greatly in DNA recognition specificity between
Glaucoma and Tetrahymena. In contrast, type II and type V repeat sequences,
while well conserved within a species, are not well conserved between Glaucoma
and Tetrahymena; this suggests an interaction with transcriptional or
nucleolar protein factors that have also changed in the two ciliate species.

In summary, the unusual germline genetic content of rRNA genes in
cilfates (one to at most a few gene copies), and the unusual structure of
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their transcribed genes (one or two genes per linear macronuclear molecule)
have provided a useful system for relating spacer features both to the
constraints imposed by rDNA function, and to the mechanisms operating on these
spacers in evolution. Molecular coevolution of spacer sequences with
‘transcriptional and other factors can account for the differences we observe
in NTS repeat types between ciliate species; functional cosntraints appear to
act selectively on the repeats within a species to keep them homogeneous
without a contribution from passive unequal crossing over mechanisms.
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